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ABSTRACT
Ttie level and distribution of genetic variation and 
population structure were investigated for the federally 
endangered Astragalus jaegerianus, a narrow endemic species 
with a geographically restricted range. DNA sequences for 
five loci (cpDNA trnL-F region and nrDNA ITS region) were
monomorphic, which suggests a low effective population size
for the,species, while AFLP markers revealed substantial
genetic variation (0.2660) and population structure (global
Fst = 133, p<0.01) across the range of the species. Of the
total observed genetic variance, 87% is partitioned within
populations, while 13% is partitioned among populations.
The level of genetic diversity and its partitioning within
and among the populations is comparable to geographically
widespread species. Tests for association revealed
significant correlations between geographical distances and
population pairwise comparisons of genetic distances (r =
0.823, p<0.01) and FST coefficients (r = 0.794, p<0.01),
both indicating that populations follow an isolation by
distance model. Levels of genetic diversity within
populations are explained by population density, while
patterns of population structure are explained by
geographic distances and gene flow. Our data suggest that
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A. jaegerianus is a facultative outcrosser that outcrosses
in areas of high plant density, but relies on selfing in
areas of low plant density. Our monomorphic DNA sequences
indicate that management efforts should focus on conserving
as many individuals as possible across the range of the
species, while our AFLP analyses indicate that management
efforts should focus on conserving each population. Each
population may present some unique genetic contribution
that is locally adapted to environmental conditions.
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CHAPTER ONE
INTRODUCTION
Genetic Variation in Plants
Species with geographically restricted ranges often
exhibit low levels of genetic variation (Karron 1991) . The
consequences of low genetic variation can be increased risk
of extinction due to environmental perturbations and other
stochastic events (Lynch 1996; Nunney 2000). Conversely,
species with restricted ranges can often be sub-divided or
partitioned into genetically distinct populations (Metcalf
et al.'2001; Segarra-Moragues et al. 2005). Such
populations may possess unique genotypes suited to local
environmental conditions, which provide for optimal growth
and survival (Ellstrand and Elam 1993). Luikart et al.
(1998) suggested that demographic histories of population
bottlenecks should predict expected losses of genetic
variation at neutral loci. Avise (2004) provides a review
of species that today exhibit low levels of genetic
variation - species that were once wide-ranging but have
suffered historic reductions in population sizes over a
brief period of time. Avise's (2004) review augments
Frankham's (1995) review wherein he reports that 32 of 38
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endangered species surveyed exhibited low levels of genetic 
variation for molecular markers compared to their closely 
related non-endangered relatives. While Avise (2004) also
indicates that many rare or endangered species posses
reduced levels of genetic variation, he provides several
examples of rare and endangered species that do not exhibit 
low levels of genetic variation. Effective conservation 
strategies for geographically restricted species require
the assessment of genetic variation to ensure that
management efforts reliably estimate numbers of individuals
and populations needed for the conservation of the species.
In a review of the literature on allozyme studies
conducted to detect genetic variation in higher plants,
Hamrick et al. (1979) observed that plants generally
maintain relatively high levels of genetic variation. They 
attributed high levels of genetic variation to the fact
that plants are often geographically widespread, which may
provide stability to plant populations. Stable plant
populations may be less prone to genetic drift, and more
likely to maintain higher levels of genetic variation than
those populations that fluctuate both in time and space.
Stable plant populations typically have a higher proportion
of their genetic variation distributed within populations
2


affect the rate of gene flow, in that different patterns of 
gene flow between adjacent populations and isolated 
populations were observed. Although isolation by distance 
has a strong influence on rates of gene flow between 
adjacent populations, they observed a large variance in 
rates of gene flow between -adjacent populations of similar 
geographic distance. This variation in rates of gene flow 
could be explained in part by differences in population
sizes (flower numbers) and pollinator foraging behavior.
Pollinators tend to move' among nearest neighbors of
flowers, with occasional longer flight distances, and 
flight patterns are governed by ecological factors and
pollinator behavior (Handel 1983). Roll et al. (1997)
experimentally demonstrated that pollinator visitation at
flowers increases as floral density increases within a
population, and that pollinators foraging within large
populations tend to visit more flowers within that
population than they do in small populations. Thus, within
large populations with high floral densities, pollinator
visits are high but mean flight distances are shorter,
which increases the effective local pollen pool, and
dilutes the effects of migrant pollen. Or as summed by
Handel (1983), as population density (flower density)
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increases the targets for a fixed-rate of introduced pollen 
will also increase resulting in a decreased rate of
fertilization by the introduced pollen (a dilution of the
effects of migrant pollen).
Bateman (1947) demonstrated how plant density can
affect gene flow by experimentally establishing a 'cross- 
shaped' population of radish (Raphanus sativus,
Brassicaceae). The plants within the center of the 'X'
carried a dominant marker, while the plants in the four
arms of the 'X' carried recessive markers. The arms of the
'X' were planted in different widths of one, three, six, 
and twelve rows of plants. The progeny of the plants in
each row were scored. He found a significant decrease in
dominant marker frequency for the progeny that correlated
with increasing plant density in the arms. A pattern of
immigration of dominant markers was also observed in that
progeny of border plants of the wider arms (higher plant 
density) possessed a higher frequency of dominant markers
than progeny derived from more interior plants.
Richards et al. (1999) also noted in their study that
as floral density increased in their small experimental
populations, with 20 meters separating them, the rate of
gene flow decreased. They summarized their findings by
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stating that gene flow is not well correlated with
geographic distance alone, and because the interactions
between geographic distance and population density are
complex, indirect estimates of gene flow in natural
populations based on distances may be misleading. They 
further hypothesized that whereas newly founded populations
may be subjected to genetic drift resulting in inbreeding
depression, gene flow into a newly founded population would
counter the effects of inbreeding, stabilize the
population, and reduce the level of regional genetic
structure of the species.
Karron (1987a) investigated the pollination ecology of
two geographically restricted Astragalus species that occur
separately but each sympatrically with a geographical
widespread Astragalus species. All four Astragalus species
are perennial xerophytes that are predominately pollinated
by polylectic bees (native bumble bees,Bombus spp.; native
mason bees, Osmia spp.; native digger bees, Anthopora spp.;
and the introduced European honey bee, Apis melifera).
These polylectic bees are generalists in that they are
capable of utilizing a variety of flora resources. Karron
(1987a) hypothesized that the reason for pollination by
generalists rather than by specialists bees is that
7
pollinator specialization on geographically restricted 
plant species is unlikely due to small plant population 
size with few individuals. Unpredictable flowering in 
small populations of xerophytic plants would typically be 
unreliable and inadequate to sustain breeding populations 
of specialist pollinators. Yet, when floral visits were 
empirically measured in the field between to co-occurring
species compared to floral visits when occurring
separately, Karron observed that individuals of the
restricted A. linifolius received significantly lower
levels of pollinator visits than did the widespread A.
lonchocarpus. The inability of the restricted species to
compete for pollinator visits may be a factor contributing
to its restricted status.
In a another review on allozyme variation in plants,
Karron (1987b) compared levels of genetic variation
(allozyme variants) and self-compatibility in
geographically restricted and widespread plant species
across eleven genera. He found that while some
geographically restricted species tend to have
significantly lower levels of genetic variation compared to
widespread species others exhibit nearly the same level of
genetic variation as widespread species. Regarding self­
8
compatibility, he found no significant differences in types
of breeding systems between geographically restricted
species and geographically widespread species. This was
contrary to his prediction that selection against self­
compatibility would be constrained in species with low
genetic variation.
A specific example of low genetic variation observed
in a geographically restricted species is the study of
genetic variation within the sentry milk vetch (Astragalus
cremnophylax var. cremnophylax), a federally endangered
plant. It was once reported as common (Travis et al.
1996), but is now an endemic of northern Arizona with a
restricted range. Marcus E. Jones first collected the
sentry milk vetch in 1903 at which time he commented that
it was common at the Grand Canyon. Rupert Barneby
collected the plant in 1948, and later described the
population in his Atlas of North American Astragalus
(Barneby 1964) as containing approximately 100 individuals
and confined to a strip of Kaibab limestone pavement not 
over 50 yards in length. Thus, it would appear that from
the time Jones collected the species in 1903 until
Barneby's collection of the plant in 1948 and description 
of the population published in 1964, the sentry milk-vetch
9
had declined significantly in its range and numbers.
Today, it is known from two small populations on the south
rim of the Grand Canyon, and a small population on the
north rim [Travis et al. 1996; U.S. Fish and Wildlife
Service (Service) 1993].
Using Amplified Fragment Length Polymorphism (AFLP)
markers, Travis et al. (1996) characterized the levels of
genetic variation within, and among the populations of the
sentry milk vetch. They found an average heterozygosity
(H) or genetic variance of 0.13 within the north rim
population, and values of H = 0.02 and 0.04 within the two
south rim populations. An estimation of the genetic
differentiation among the populations was FSt - 0.41.
Wright (1978) suggests that a FSt value >0.25 infers a high
degree of genetic differentiation and population structure.
Using average heterozygosity values derived from Hamrick
and Godt's (1990) allozyme plant study for comparison,
Travis et al. (1996) cautiously concluded that the north
rim population of sentry milk vetch possesses a level of
genetic variation consistent with historical levels, while
the south rim populations possess an almost extreme lack of
genetic variation. They postulated that the size of the
south rim populations may have fallen below that necessary
10

population), but we split them on the Copper City Road as
the 2001 survey recorded a large expanse of unoccupied
habitat on both sides of the road. The five populations 
comprise a total of approximately 85 km2 of occupied
habitat.
The purpose of this study is to investigate the level
and distribution of genetic variation in Astragalus
jaegerianus by using molecular markers. This study has the
following objectives:
• to estimate levels of genetic variation within and
among populations of Astragalus jaegerianus,
• to test the hypothesis that levels and patterns of
genetic variation in species of restricted ranges
and few individuals is low and partitioned at the
population level, and
• to discern whether, or how well, genetic
partitioning of Lane Mountain milk vetch correlates
with its geographic partitioning in the field.
Such an estimate of genetic variation within and among
populations is a basis for sustainable management of at-
risk species, including A. jaegerianus.
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Measurement of Genetic Variation
An array of molecular tools exist for generating data 
to describe the statistical parameters of population
genetics. Estimating genetic variation within species has
evolved during the last half century from reliance on
phenotypic (morphological) characteristics, or traits, to
assessing genetic variation at the molecular level. Until
the advent of molecular techniques, population genetics
relied on phenotypic studies using comparative morphology
or physiological data for estimating levels of genetic
variation. Such techniques were often limited in scope
such as banding patterns in snails, flower color in plants,
or polytene chromosomal inversions in Drosophila, and were
difficult to associate with alleles and allele frequencies
in populations (as reviewed in Halliburton 2004; Hartl and
Clark 1997). In addition, the utility of these types of
traits was not universal with respect to their
applicability to all organisms, and provided only limited
understanding of the levels of genetic variation organisms
possessed at the molecular level. Thus, theoretical and
predicted estimates of genetic variation that were
possessed by species were debated and remained
controversial until the mid-1960s.
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In 1966, three publications (Harris 1966; Johnson et
al. 1966; Lewontin and Hubby 1966) simultaneously
introduced the biological community to the utility of
electrophoretic techniques (first described by Smithies
1955) for detecting protein variants of the same locus; a
technique applicable to any organism for estimating levels
of genetic variation. In the two decades following these
three publications, electrophoretic analyses conducted on
both plants and animals revealed unexpectedly high levels
of genetic variation at all taxonomic levels (as reviewed
in Avise 2004).
Although allozyme electrophoretic polymorphisms are 
informative and universal in their applicability, there are 
several limitations for assessing the levels of genetic 
variation in populations. Allozymes are products of gene 
expression, and therefore are not directly transmitted or
inherited. DNA sequences are inherited between
generations, which makes it more phylogenetically accurate 
(reviewed in Wang and Szmidt 2001). Allozyme studies 
typically investigate only a very small portion of the 
genome. For instance, the human genome project has shown 
that about 2% of the human genome codes for all proteins 
(U.S. Department of Energy 2004). It is also recognized
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that only about 30% of DNA base mutations within protein
coding regions result in a net change of charge in
proteins, thus, electrophoretic measurements of allozymes
tend to underestimate levels of actual molecular
polymorphisms (as reviewed in Leberg 1996). Therefore
allozyme studies, in theory, only detect a small portion of
the genetic variation present. However, for reasons
explained below, starch gel electrophoresis remains the
most commonly used technique in plant population genetics
studies (Wang and Szmidt 2001) .
By the late 1980s, three developments within the field
of molecular biology merged that facilitated the use of DNA
markers for phylogenetic and population genetics studies -
the isolation of restriction endonucleases from bacterial
cells (Linn and Arber 1968; Meselson and Yuan 1968), DNA
sequencing (Maxam and Gilbert 1977; Sanger et al. 1977),
and the advent of the Polymerase Chain Reaction (PCR) for 
in vitro amplification of specific DNA fragments (Mullis et 
al. 1986). These three developments provided a suite of 
tools to the molecular biologist for the direct
quantification of genetic variation at the DNA level, which 
allows for better resolution of the evolutionary processes 
of speciation, and better detection of the temporal and
15
spatial patterns of genetic variation within and among 
populations (as reviewed in Bermingham and Moritz 1998;
Avise 1998).
In this study, we propose to use a combination of
these three techniques - the sequencing of chloroplast and
nuclear DNA loci and the generation of amplified fragment
length polymorphism markers (AFLP) - both PCR-based
techniques. Both sequencing of DNA and generation of AFLP
markers are likely to generate sufficient polymorphisms to
allow us to analyze levels ’and patterns of genetic
variation within Astragalus jaegerianus. I will now review
the merits of both approaches - the merits of sequence data
generated from both the chloroplast and the nuclear
genomes, and the merits of AFLP markers in population
genetics studies.
DNA sequencing of PCR product is often the method of
choice for investigating animal intraspecific genetic
variation. Short oligonucleotide primers are used that are
complementary to conserved regions of DNA (protein coding
genes and RNA coding genes) known to flank introns and
other noncoding DNA. Such noncoding DNA is known to have a
higher substitution rate than coding regions making it
16
phylogenetically informative at the intraspecific level (as
reviewed in Avise 2004).
For animal phylogeographic studies, the molecule of
interest for sequencing has been the mitochondrial DNA
(mtDNA) (as reviewed in Avise 2004; Avise 1991). The
advantages of using the mtDNA include its maternal mode of
transmission from generation to generation, its widespread
intraspecific variation, its lack of genetic recombination,
and its high rate of substitution (Brown 1981). Avise
(2000) reports that nearly 70% of all animal phylogeography
studies have utilized mtDNA haplotypes.
The utility found in animal mtDNA for estimating
genetic variation at the intraspecific and population level
has not been found in plant mtDNA. Plant mtDNA can be
highly variable in size, even within the same individual,
due to unequal crossing-over or recombination (Ward et al.
1981; Palmer 1985). Although plant mtDNA has been shown to
evolve rapidly with respect to gene order, it is slow to
evolve with respect to nucleotide substitution (Palmer and
Herbon 1988), or about 100 times slower than animal mtDNA
(as reviewed in Avise 2004). Thus, its utility for plant
intraspecific population genetic studies is limited.
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The chloroplast genome (cpDNA) provides opportunities 
for use in intraspecific phylogenetic studies. The number 
of published DNA sequences has dramatically increased in 
recent years, such that at the end 2002 nearly 25 million 
DNA sequences from over 115,000 taxa had been deposited in
the National Institute of Health's genetic sequence
database (GenBank) (Avise 2004). This is partially due to
researchers continually testing existing tree topologies
for better resolution and screening the genome for
additional cpDNA markers for phylogenetic and
phylogeographic analyses. This has resulted in cpDNA
sequence data gaining in popularity for intraspecific
population studies. For instance, Lihova et al. (2004)
used DNA sequence data of the intergenic spacer between the
cpDNA transfer RNA for Leucine (trnL, UAA) and the transfer
RNA for phenylalanine (trnF) to determine the origin of
tetraploidy in Cardamine amporitana (Brassicaceae). They
reported the presence of nucleotide substitutions and
insertions or deletions (indels) of nucleotides in the DNA
sequences, and recorded the presence of four haplotypes
within the range of C. amporitana. In another study,
Franzke et al. (2004) used the same intergenic spacer in
the chloroplast to infer the distribution patterns of
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Clausia aprica, also a member of the Brassicaceae. They
reported the presence of five parsimony informative
nucleotide substitutions in their data set. Chaing et al.
(2004) used DNA sequence data from the trnL-trnF intergenic
spacer to determine the distribution of genetic variation
and infer the geological history of Trema dielsiana
(Ulmaceae). The authors reported two nucleotide
substitutions, with a total of three haplotypes identified
within the sampling range of the species (n = 100). Terry
et al. (2000) used DNA sequence data from the trnL-trnF
intergenic spacer and the trnL intron to test for
hybridization between Juniperus ostersperma and J.
occidentalis (Cupressaceae), and to examine the
distribution of genetic variation in J. ostersperma. They
reported the presence of eleven nucleotide substitutions
and nine indels between both species, with six haplotypes
within the sampling range of J. ostersperma. Dobes et al.
(2004) also used DNA sequence data of the trnL intron and
the trnL-trnF intergenic spacer to test for Pleistocene
hybridization and radiation of Arabis drummondii and A.
holboellii (Brassicaceae). They reported finding 29
haplotypes in A. drummondii and 64 haplotypes in A.
holboellii, with a combination of point mutations
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(substitutions) and indels. Other authors report the use
of cpDNA sequence data of other polymorphic loci for 
phylogeographic studies, such as the use of the atpB-rbcL
intergenic spacer (Chiang et al. 2001; Schuettpelz et al.
2002), trnD-trnT spacer (Lu et al. 2001),and the matK gene
(Wolfe 1991; Johnson and Soltis 1994, 1995; Johnson et al.
1996).
Advantages of the cpDNA molecule include its maternal
mode of inheritance in most angiosperms and lower
tracheophytes (Birky 1978, Gillham 1978, Hachtel 1980),
while some taxa show bi-parental inheritance (Metzlaff et
al. 1981), and paternal inheritance in some gymnosperms
(Dong et al. 1992, Szmidt et al. 1987, Wagner et al. 1987)
The effective population size (Ne) (Wright 1931; Nei 1987)
of uniparentally inherited organelle genomes is considered
to be one-fourth the size for nuclear genomes (Avise 2004)
Thus, within population variance of organelle genomes
should decay faster with a more rapid rate of
differentiation among populations due to the influence of
genetic drift relative to nuclear genomes (reviewed in
Halliburton 2004).
Despite the large gene diversity and presence of
noncoding DNA, the use of the nuclear genome in plant
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population genetics and phylogeographic studies has
primarily centered around sequencing of the internal 
transcribed spacers (ITS) of the nuclear ribosomal DNA 18S- 
5.8S-26S cistron (nrDNA). nrDNA is bi-parentally inherited
and found in multiple copies, often numbering in the
hundreds or thousands. The cistron is typified by regions
of differing evolutionary rates (reviewed in Hillis and
Dixon 1989). The ribosomal RNA (rRNA) genes contain the
most highly conserved sequences that occur within living
organisms. The nrDNA ITS sequences that lie between the
rRNA genes do show a higher rate of evolving than the rRNA
gene sequences, which provides phylogenetic signals at the
intraspecific level and higher (reviewed below).
The internal transcribed spacers (ITS 1&2) have
demonstrated their utility in intraspecific studies such as
that reported by Lihova et al. (2004) above, wherein they
reported 95 variable sites (72 were parsimony informative)
within the ITS sequences for Cardamine amporitana
(Brassicaceae). In another study, Rugqiero and Procaccini
(2004) used nrDNA ITS sequences to test for genetic
relationships between Mediterranean Sea and Red Sea
populations of Halophila stipulacea (Hydrocharitaceae).
They hypothesized that a recent introduction had occurred
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of H. stipulacea into the Mediterranean Sea from the Red
Sea as early as the opening of the Suez Canal in 1869.
Such a recent introduction would result in a weak
phylogeographical signal due not only to a recent
introduction but repeated gene flow by migration. They
reported finding twenty-two haplotypes in the 38 sequences
obtained in their study.
Because the ITS sequences do posses a functional role
for proper excision during processing of the nascent RNA
ribosomal molecules, they are subject to the same concerted
evolution as rRNA genes (Dover 1986). Concerted evolution
allows for homogenization between multiple copies of a gene
in an individual so that each gene copy is identical to all
others (Fuertes Aguilar et al. 1999).
As an exception to complete homogenization of the
nrDNA cistron is the Hartmann et al. (2001) study that used
ITS sequence data, including sequence data from the 5.8S
rRNA gene, in an investigation of the nrDNA structure in
the Sonoran Desert columnar cactus, senita (genus
Lophocereus, Cactaceae). They found the existence of two
distinct nrDNA cistrons (paralogs). The functional nrDNA
cistron appears to encode the expressed 18S rRNA and 5.8S
rRNA subunits, while the putative paralagous copies of the
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cistron exhibit sequence divergence in both the internal 
transcribed spacers and within the 18S and 5.8S subunits,
both of which were deemed nonfunctional. These paralagous
copies found in the same individuals were observed via gel
electrophoresis following PCR amplification using primers
complementary to the 18S and 26S rRNA subunits. In each
case, a truncated 18S rRNA subunit, a 157 bp depletion in
ITS-2, and a highly divergent 5.8S rRNA subunit resulted in
two bands being scored in the gel for each individual.
Paralogy has typically not been a problem for the use
of the nrDNA cistron in intraspecific studies due to
concerted evolution and homogenization of repeat members.
Where problems do arise that may lead to incorrect
conclusions for a species/population's evolutionary history
occurs in cases of intermediate concerted evolution and
partial homogenization (migration or gene flow between
populations - the introduction of new variants faster than
they can be homogenized within the genome) (reviewed in
Sanderson and Doyle 1992). Therefore, when using the nrDNA
cistron for intraspecific studies, it is important to
determine whether nrDNA paralogy is present.
The above PCR-based techniques for assessing
intraspecific variation at single or multiple chloroplast
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and nuclear loci have been successfully applied in
population genetics studies. Such estimates of genetic 
variation within and among populations is typically based 
on one, two, or a few loci as a small subset of the entire
genome.
Amplified Fragment Length Polymorphisms (AFLPs) (Vos 
et al. 1995) samples an individual's entire genome for 
genetic variation. AFLP typically generates a large number
of markers, and has been validated as appropriate for 
phylogeographic questions (Mueller and Wolfenbarger 1999). 
AFLP methodology combines the techniques of digesting DNA
with one or two restriction enzymes (endonucleases) and PCR
amplification to visualize and detect hundreds of DNA
fragments simultaneously (as reviewed in Mueller and
Wolfenbarger 1999; Wang and Szmidt 2001).
One advantage of AFLP markers is that they are highly
reproducible or repeatable. For instance, Jones et al.
(1997) tested the reproducibility of PCR-based markers by
providing several laboratories in Europe a genetic
screening package, which contained genomic DNA samples, PCR
primers, and Taq polymerase and other reagents along with a
detailed protocol. Each laboratory was requested to test
the reproducibility of three methods - AFLP, RAPD, and SSR.
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Although there were problems with RAPD and SSR
reproducibility, each laboratory was able to produce 
identical fingerprints when testing the AFLP procedure.
Winfield et al. (1998) tested for reproducibility of
the AFLP procedure in their investigation of genetic
diversity in Populus nigra subspecies betulifolia
(Salicaceae). Duplicate samples for five trees were re­
assayed. Of the five, three produced identical banding 
patterns, while the other two samples varied by only 98.9%
and 97.6% respectively, or an error rate of 2.4% or less,
which they felt was within an acceptable limit.
Others have reported irregularities in AFLP banding
patterns when duplicate samples were tested for
reproducibility. Karuss and Peakall (1998) report the loss
of one band, which they attribute to either incomplete
digestion of the genomic DNA, poor PCR amplification, or
contaminated genomic DNA. Donini et al. (1997) reported
different banding patterns when different plant tissues
were used, which they attributed to possible differences in
DNA methylation during tissue ontogenesis. The most common
problem with reproducibility of AFLP markers appears to be
due to incomplete enzymatic digestion of genomic DNA (Lin
and Kuo 1995.) .
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Theoretically, such multi-locus banding patterns could 
be used for analysis of diagnostic identification, 
parentage, gene flow, and for estimating levels of genetic 
variation within and among subpopulations (reviewed in 
Mueller and Wolfenbarger 1999). Because it scores banding 
patterns as either present or absent in individuals, it is 
considered a dominant marker with limitations in population
genetics, such as precluding inference of the within
population genetic structure based on average
heterozygosities (Despres et al. 2002; Gaudeul et al.
2000). For instance, allele frequencies cannot be
estimated directly since the homozygote (AA) cannot be
distinguished from the heterozygote (Aa). Advantages,
however, of using AFLP markers include reproducibility (due
to high stringency conditions in PCR amplification), large 
quantity of information across the entire genome generated
for little time invested and costs, and they can be
generated for virtually any organism without any prior
knowledge of the genome of that organism (reviewed in
Mueller and Wolfenbarger 1999).
These techniques (DNA sequencing and AFLP) for
investigating the presence of polymorphic DNA sequences or
markers should provide sufficient experimental data on
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which to estimate levels of genetic variation within and
among the five populations of Astragalus jaegerianus.
Analysis of Genetic Variation
To understand the population genetics of Astragalus
jaegerianus, appropriate statistical and multivariate
analyses must be applied to the experimental data derived
from the molecular techniques described above. In this
study, we are examining two types of genetic variation -
variation within DNA sequences and variation in AFLP
fragment lengths. Our experimental data will be in the
form of discreet characters (DNA sequences) and the
presence or absence of AFLP markers, both of which are
heritable. Two approaches in our analyses will be used - a
character-based approach and a distance-based approach
(reviewed in Hillis et al. 1993). The character-based
approach estimates the number of nucleotide differences
between homologous DNA sequences, and relies upon a model
of substitution. This model accounts for, or corrects for,
multiple substitution events at any given nucleotide site
since sequence divergence but not visible in extant
sequences.
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The distance approach estimates the genetic distance
between individuals or taxa derived from a multiple loci 
comparison and generates coefficients of genetic similarity
and dissimilarity to provide a measure of evolutionary
divergence. Matrices of genetic similarity and genetic
dissimilarity for all possible pairwise comparisons are
computed.
Population genetic parameters we are most interested
in for inferring the population structure of A. jaegerianus
include estimating gene diversity, estimating levels of
genetic variation within and among putative populations
using a hierarchical analysis, and displaying genetic
relationships among individual plants and the putative
populations using clustering algorithms - all of which can
be generated from both data sets (character-based and
distance-based). Measured within the framework of a random
sample, these measures of genetic structure can provide
estimates of a population's genetic parameters.
Genetic variation is estimated from the frequencies of
alleles or haplotypes (character-based data), or the
proportion of polymorphic loci (distance-based data) in a
population, and is usually reported for a single locus or
as an average over several loci for a population. To
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reveal accurate estimates of genetic variation in a
population, several assumptions must be met: 1) the sample
has been chosen randomly from the population, i.e., each
member of the population has an equal chance of being
selected in the sample; and 2) the population is composed
of diploid organisms and exhibits random mating between
adults.
Unless the number of loci being investigated is large
in a distance-based data set (AFLP fragments), estimating 
genetic variation from a few loci by the proportion of
polymorphic loci in a population is subject to a large 
sampling error (Nei 1987). Thus, the proportion of 
polymorphic loci is not considered a good estimate of 
genetic variation by itself. However, as long as a large 
number of loci are being investigated, including a large 
number of individuals from the population, it can provide 
reliable insight to levels of genetic variation within
populations.
All populations exhibit some degree of genetic 
variation and genetic structure across the range of a 
species, as populations seldom exhibit random mating across 
a species range (Avise 2004). As such, the range of a 
species can often be partitioned into populations
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delineated by habitat disruptions, and often further 
partitioned into breeding units or denies, which are 
typically composed of randomly mating adults. Such 
patterns can often be demonstrated by statistical analysis
and models.
Sewall Wright, a mathematician and population
geneticist, made many contributions towards our
understanding of patterns of genetic variation in
populations, including his observations on the significance
of population size, the modeling of evolutionary processes
that act on populations, and deriving mathematical models
for estimating levels of genetic variation and population
structure by the use of his F-statistics (Wright 1931,
1951, 1965, 1969).
F-statistics are indicative of reduced genetic
variation at any level of a population hierarchy compared
to what would be expected in a similar, theoretical
panmictic population of infinite size. The F-statistic
that is most germane to this study on the population
genetics of Astragalus jaegerlanus is Fsr - an informative
statistic for estimating levels of genetic variation within
populations relative to the range of a species, or the
level to which populations differentiate from each other.
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Wright (1951, 1969) demonstrated that FST can be derived
from the variance in allele frequencies among
subpopulations. An FST index of 0 is indicative of no 
genetic divergence among subpopulations, while an index
value of 1 indicates fixation for alternate alleles between
different subpopulations and loss of heterozygosity within
each subpopulation. Wright's FST indices are based on
assumptions of neutral genes and infinitely large,
panmictic populations, with some doubt as to whether his
definition is applicable when selection and migration are
present in a population with multiple alleles (Nei 1977;
but see Haliburton 2004 wherein he specifically states
selection and migration are assumed by Wright to not be
acting on the population). Most natural populations are
small, which has provoked some discussion about the
relativity of Wright's theory to empirical field data (Nei
1977; Neigel 2002).
Nei (1973) proposed an analogue to Wright's Fsr, which
he referred to as the coefficient of gene differentiation
(Gsr) . While Wright's FSt is based only on diploid
populations with two alleles segregating at a locus, Nei's
GSt is applicable to diploid and haploid populations, and
with multiple alleles segregating at a locus. GST can
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reveal the hierarchical structure of populations by
directly analyzing gene frequency variance in terms of gene 
diversity. Gene diversity, as defined by Nei (1987), is 
applicable to both diploid, haploid, and polyploid 
organisms regardless of mating system (random mating,
selfing, or asexual). Nei (1973 and 1987) defines gene
diversity for a single locus as the probability that two
alleles randomly selected are non-identical. This
rationale can be applied for determining gene diversity
within and among subpopulations, as well as to determine
the gene diversity of the total population. This concept
is applicable whether investigating a single locus or
multiple loci. In fact, Nei (1987) encourages the use of a
large number of loci in order to more comprehensively
reveal gene differentiation among subpopulations. The
mathematical proof for arriving at Nei's defining of gene
diversity within hierarchical population structure is given
in his paper (1973) and book (1987) .
Weir and Cockerham (1984) defined an analogue to
Wright's FSt (Theta or 0). Theta can be defined as a ratio
of the variance found in allele frequencies among
subpopulations relative to the population's variance in
allele frequencies. It is similar to FsTr but differs in
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the sampling process (Haliburton 2004), as Wright did not
consider finite sample sizes (Weir and Cockerham 1984). 
Although 8 is dependent upon population size and history,
it is more versatile for measuring population structure as
assumptions are not made regarding number of alleles per
locus, number of individuals sampled per subpopulation, or
the number of subpopulations sampled (Weir and Cockerham
1984) .
In summary, three statistical descriptions are
pertinent to our study and description of genetic
differentiation and population structure for A. jaegerianus
FSt, Gst, and 8. FST is derived from the variance in
allele frequencies among subpopulations relative to the
allele frequency of the population, GST is derived from the
gene diversity of subpopulations relative to the
population's total gene diversity, and 8 is derived from
the proportion of variance of the total allele frequency
attributed to differences in allele frequencies among the
subpopulations (Haliburton 2004). By deriving estimates of
all three analogues from the same data set, one can test
for congruency of the results.
Although F-statistics are widely used as a measure of
genetic differentiation among subpopulations, correlating
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the causes contributing to genetic divergence among
subpopulations has proved difficult. A suite of processes
can affect the observed genetic divergence between
subpopulations such as random mutation, genetic drift, 
natural selection, and migration (reviewed in Hartl and
Clark 1997). However, the inability to fully identify the
causes associated with levels of genetic divergence does
not detract from the utility of F-statistics for
characterizing genetic variation among populations or 
inferring population structure within a species' range - 
both important considerations for the conservation of
species.
Another way to visualize genetic differentiation among
individuals and populations is by use of a phylogenetic
phenogram (tree) based on genetic character-based data or
distance-based data (as reviewed in Nei and Kumar 2000;
Avise 2004; Nei 1987). Such trees can also provide
information on the historical relationships of a species'
range expansion, re-colonization, and migration (gene flow)
patterns.
Tree topologies have been constructed from
morphological data (Sokal and Sneath 1963), from allele
frequencies derived from population studies (Cavalli-Sforza
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and Edwards 1967), and from molecular data (allozyme and
DNA sequences) (Nei and Kumura 2000). Phylogenetic trees
constructed from molecular data are typically referred to 
as gene trees with branch lengths representing distance or 
time between divergence and isolation in terms of number of
nucleotide substitutions. Such a tree is referred to as a
statistical inference or estimation of the true
phylogenetic tree, as the true tree is never known
(Swofford et al. ,1996). Three primary statistical methods
are used for constructing or inferring a tree's topology ,
and branch lengths - distance (distance-based data;
remembering that character-based data can be converted to
distance data), maximum parsimony (character-based data),
and maximum likelihood (character-based data) (reviewed in
Swofford et al 1996; Nei and Kumar 2000).
The distance method relies on algorithms for
estimating pairwise genetic distances between taxa,
populations, or individuals derived from a distance matrix
between operation taxonomic units (OTUs; OTU X OTU). UPGMA
cluster analysis (unweighted pair group method with
arithmetic averages, UPGMA) is a method commonly used for
constructing trees from distance-based data that show
historical relatedness between OTUs.
35
The maximum parsimony algorithm was initially
developed to construct phylogenetic trees using
morphological data (Felsenstein 2004). Subsequently, a 
number of analogs of the algorithm were developed for use
with DNA character-based data (Wiley 1981; Felsenstein
1982; Maddison and Maddison 1992; Swofford and Begle 1993).
Parsimony infers that the simplest explanations for
observed events in biology are preferred to more
complicated and convoluted explanations. When constructing
maximum parsimony trees with DNA sequences, a tree topology
is inferred for each phylogenetic informative site. The
best tree topology is then selected based on the minimum
number of substitutions that portray the evolutionary
process for the sequences being analyzed.
The first attempts at using the maximum likelihood
method were with allele frequency data and were problematic
(Cavalli-Sforza and Edwards 1967), but later Felsenstein
(1981, 1993) developed algorithms that were usable with DNA
character-based data. The maximum likelihood method relies
on mathematically computed probabilities. The hypothesis
with a higher probability for explaining the evolutionary
history of a sequence is preferred to a hypothesis of lower
probability. Using substitution mathematical models, the
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maximum likelihood method selects the best tree topology-
based on which hypothesis has the highest probability.
There is the potential for reverse substitutions and
homoplasy when analyzing DNA-generated data. Phylogenetic 
trees constructed using any method are subject to error
(Felsenstein 1978; Hendy and Penny 1989; Zharkikh and Li
1993; Takezakl and Nei 1994). However, Sourdis and Nei
(1988) demonstrated, by using computer simulation, that the
maximum parsimony method for constructing tree topologies
can surpass distance methods for inferring phylogenetic
trees closer to the true tree's topology. But when limited
to distance-based data (AFLP markers), the distance method
must be relied upon.
Biology and Demographics of 
Lane Mountain Milk Vetch
Lane Mountain milk vetch (Astragalus jaegerianus Munz)
is a narrow endemic species in the Mojave Desert of
southern California, with a geographically restricted range
(Figure 1). Lane Mountain milk vetch was first collected
by Edmund Jaeger in 1939 (Barneby 1964), but not named
until Philip Munz collected and formally described the
species in 1941 (Munz 1941). The plant was not again
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collected until the mid-1980s, when additional populations 
were found. Its present distribution is within a ~300 km2 
area, with approximately 85 km2 of occupied habitat (Kearns 
2002) .
The genus Astragalus represents the largest assemblage
of angiosperms with an estimated 2,000 - 3,000 species 
globally - many of them considered narrow endemics
occupying marginal habitats or needing soils with
particular edaphic attributes, with relatively few species
widespread in North America (Wojciechowski et al. 1999).
No other genus of angiosperms shows the same level of
variety in the form of the fruit than Astragalus (Barneby
1964). Because of this, Barneby (1964) suggests a
systematic arrangement of the genus based on morphological
attributes other than the pod alone. Barneby places
Astragalus jaegerianus in its own monotypic section
indicating its distinctness from other North American
species of Astragalus. He also reflects on the unique pod
morphology shared between A. jaegerianus, A. pachypus, and
A. atratus var. mensanus- the only three North American
species whose pods are stipitate, laterally compressed,
bicarinate by the sutures, and at the same time fully
bilocular (Barneby 1964). Barneby (1964) further suggests
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a phylogenetic relationship between A. jaegerianus and A. 
pachypus, and the subsection Tricarinati (which includes 
two species, A. bernardianus, and A. tricarinatus). The
basis of relationship with subsection Tricarinati is shared 
phenotypic similarities between A. jaegerianus and A.
bernardianus, such as their cryptic, weak-stemmed,
straggling growth habits entangled within the branches of a
host shrub, and the very similar small, purplish flowers
with a beaked keel.
The Lane Mountain milk vetch is a cryptic perennial
that is generally found associated with a host or nurse
shrub (Prigge et al. 2000; see Service 2001 for a listing
of the various shrub species used by the milk vetch) within
the Mojave creosote Bush Scrub (Hickman 1993). Although
creosote bush (Larrea tridentata) dominates this plant
association, Lane Mountain milk-vetch is typically found
where creosote bush is either widely scattered or nearly
absent. White bursage (Ambrosia dumosa) and other medium
size shrubs are usually present in high densities with
scattered Joshua trees (Yucca brevifolia) (Service 2001).
Lane Mountain milk vetch is typically found associated
with shallow granitic or sandy soils derived from Jurassic
or Cretaceous granidiorite with bedrock either near the
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surface or exposed as outcroppings (Service 2001). Prigge 
et al. (2000) observed a distribution pattern of Lane 
Mountain milk vetch that may be partially explained by its 
occurrence on shallow, gravelly soils of granitic origin, 
soils with low water retention capacity, and sites often
exhibiting high total shrub densities, but low canopy
cover. Bedrock near or at the surface as outcrops may
provide crevices that allow the milk vetch's deep root 
system to penetrate where water content may be high or 
pooled. The species is found between 3,000 to 4,000 feet
in elevation on relatively gentle slopes and low ridges
supporting diverse mid- to low-shrub associations (Service
2001).
While such variables may contribute to the presence or
absence of the species in the region, significant
correlations between the distribution of A. jaegerianus and
environmental factors have not been demonstrated. Before a
correlation can be established to adequately explain the
distribution pattern or partitioning of populations for
Lane Mountain milk vetch, Prigge et al. (2000) recommended
further studies on the species' physiology, demographics,
and genetic diversity.
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In 2001, the Department of the Army initiated a large-
scale survey to better define the distribution and range of
Lane Mountain milk vetch (Kearns 2002). The survey covered
17,000 acres, and resulted in a slightly larger range being
described for the Lane Mountain milk vetch than was
previously known, with approximately 5,000 plants recorded.
Individual milk vetch plants were often found in localized
groups with intervening distances of unoccupied habitat
between groups (Service 2001; Kearns 2002).
It is remarkable that although we now know the
location of virtually every individual in the species and
have reliable information'on the total number of
individuals in the species, we know almost nothing about
the reproductive biology or breeding requirements of this
endangered species. The genus Astragalus is a member of
the subfamily Papilionoideae (=Faboideae) in which the
floral structure (corolla) is bilateral (zygomorphic
symmetry) with an upper petal (banner), two connate basal
petals (the keel), and two wings (Judd et al. 2002; Tucker
2003). Nine of the ten stamens are fused to form a nectar-
containing tube. The tenth stamen, which is median adaxial
in position, is separate from the other nine stamens, which
allows pollinator access to the nectary. The keel encloses
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the upturned style and stamens, and restricts the type of 
pollinator able to access the nectary, which is located 
between the carpel and stamen bases (Tucker 2003).
Most species within the Papilionoideae are known to 
have showy, perfect (composed of both male and female
sexual organs) flowers, which typically attract
pollinators. However, breeding systems vary within the 
Papilionoideae from obligate selfers (fertilization among
or within flowers on the same plant) to obligate
outcrossers (cross pollination between flowers from
different plants), with some, including Astragalus, species
capable of both (Juan et al. 2004; Kalin Arroyo 1978).
Barry Prigge (2003, unpublished data; unreferenced)
recently conducted preliminary greenhouse propagation
studies from seeds collected in the field, and found that
germination of the seeds did not require cold
stratification or other scarification. Gibson et al.
(1998) noted that their ecophysiological studies suggest
Lane Mountain milk-vetch may use the nurse shrub as a
trellis in order for its terminal shoots to intercept
maximum sunlight. They also reported that Lane Mountain
milk vetch is a nitrogen fixer, and suggested that the milk
vetch/host shrub interaction may be mutualistic, with the
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milk vetch providing suitable habitat and nutrients for
nitrogen-fixing bacteria (Rhizobium), while the bacteria 
provides a source of nitrogen (N03 or NH4+) to the milk 
vetch. Prigge et al. (2000) made shoot water potential
measurements on creosote bush within the range of Lane
Mountain milk vetch. Their data suggest that sites
occupied by Lane Mountain milk vetch have better soil
moisture supply than surrounding or adjacent habitats.
The U.S. Fish and Wildlife Service (Service) listed
Astragalus jaegerianus as endangered under the Endangered
Species Act of 1973 on October 6, 1998 (Federal Register 63
FR 53596). The Service's draft recovery plan (Service
2001) identifies habitat destruction as the greatest threat
to the continued existence of A. jaegerianus.
It is critical to explore the importance and relevance
of genetics to the recovery and conservation of an
endangered species. This study has both theoretical and
applied importance. This work will contribute to
population genetic theory by documenting the level and
distribution of genetic variation a species with a
restricted range may possess. This work will also
contribute to applied conservation efforts for the species,
enabline the Service to determine whether recovery actions
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are adequate for the long-term persistence and conservation 
of the species.
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CHAPTER TWO
MATERIALS AND METHODS
Field Sampling
The spatial arrangement of Astragalus jaegerianus is
subdivided into five geographically nearly discreet
populations (Figure 1): Coolgardia, Lane Mountain,
Prospectors Wash, Brinkman Wash, and Goldstone. Twenty
plants were broadly sampled across the range of each 
population (Figures 2 and 3) in order to avoid biasing the
sampling methodology towards genetically closely related
individuals (Tables 1 and 2) .
In preparation for field collecting of tissue, maps of
the known range and distribution of Astragalus jaegerianus
were provided by the Department of the Army, Ft. Irwin
National Training Center, including their Global
Positioning System (GPS) coordinates obtained during their
2001 surveys. Plants were visually found by both searching
within areas known to support the species, and by keying on
GPS coordinates to get within a 15 - 25 meter range of a
plant located in the 2001 surveys. Once a plant was found,
it was assigned a field number corresponding to the
population it was found in and its approximate GPS location
45
recorded. Tissue sample was collected in a plastic bag and
immediately placed on ice in a portable cooler. Upon
returning from the field, the samples were frozen at minus
20°C.
Collection of tissue samples began in the spring of
2002, which was recognized as one of the driest years on
record for the Mojave Desert, with most areas of the desert
experiencing no spring or summer (monsoonal) growing
seasons - both for perennial and annual vegetation. We
understood that the collection of plant tissue for genomic
DNA isolation in 2002 would be limited to field-standing,
necrotic stem tissue that was produced during the 2001
growing season. The collection of dry, necrotic tissue for
DNA isolation was approached with reservation, as
literature searches did not produce any published studies
wherein dry field-standing plant tissue had been used for
DNA isolation, and we were unsure of the quality of genomic
DNA that would be found.
Our literature searches did locate several
experimental studies using museum and herbarium specimens
for phylogenetic analyses. For instance, Doyle et al.
(1995) used herbarium specimens for DNA isolation in their
survey of the 392 genera of legumes. They found that the
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quality of DNA isolated from herbarium specimens ranged
from severely degraded to high molecular weight, but all
DNA isolated was sufficient for examining the rpl2 and trnl
chloroplast genes for the presence or loss of introns.
Savolainen et al. (1995) were successful in amplifying DNA
from herbarium specimens, but did note the some DNAs
isolated from herbarium specimens were difficult to amplify
due to the presence of oxidized material co-precipitating
with the DNA.
Our sampling of A. jaegerianus in the spring months of
2002, therefore, was limited to collecting mostly necrotic
or dry plant (biologically-inactive) tissue produced in the
spring of 2001, with some limited collection of green (or
biologically active) stem tissue. All tissue collected in
2002 was stem tissue, as leaves were unavailable due to
plant senescence from the previous year and lack of new
growth during the spring months of 2002. Additional
sampling within all five populations occurred during the
spring months of 2003 and 2004, wherein a combination of
necrotic (stems) and biologically active tissue (leaflets)
were collected. Total sample size for each population is
20 individuals.
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Two congeners of Astragalus jaegerianus were also
sampled in order to root (to show evolutionary
relationships) any phylogenetic trees constructed from our
DNA sequence data. Both species (A. didymocarpus H. &
A.,and A. layneae Greene) are geographically widespread
throughout the Mojave Desert within California, but tissues 
were only collected from individual plants growing
sympatrically with A. jaegerianus. Nineteen A.
didymocarpus plants (an annual species) were collected
within the Lane Mountain and Prospectors Wash populations
of A. jaegerianus, while nine individual plants of A.
layneae (a perennial species) were collected within the
Lane Mountain, Prospectors Wash, and Brinkman Wash
populations.
Genomic Deoxyribonucleic Acid Isolation
Three different methods were used for genomic DNA
isolation from plant tissue - Qiagen's DNeasy Mini Plant
Kit (Chatsworth, California), Epicentre's MasterPure™ Plant
Leaf DNA Purification Kit (Madison, Wisconsin), and a 2X
CTAB (hexadecyltrimethylammonium bromide) extraction
protocol (Doyle and Doyle 1987). Both the Epicentre and
Qiagen kits contained all reagents necessary for DNA
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isolation; manufacture's protocols were followed
explicitly. The 2X CTAB extraction followed the protocol 
of Hillis et al. (1996), with reagents assembled by mixing 
10 grams of CTAB with 140 ml 5M sodium chloride, 25 ml 2M 
Tris-HCl (pH 8.0), 20 ml of 0.5 EDTA, 2% by volume of (3- 
mercaptoethanol, and sterile, deionized water to a final
volume of 500 ml. Necrotic tissue was finely diced using
sterilized razor blades, while green, biologically-active
tissue was pulverized in liquid nitrogen to disrupt cell
walls/membranes. The Qiagen kit uses a mini-column with a
membrane to first separate nucleic acids from cellular
debris and proteins, with a subsequent elution step to pull
the nucleic acids from the membrane. Both the Epicentre
kit and CTAB method rely on centrifugation to separate
nucleic acids from cellular debris, with the CTAB protocol
first requiring the use of chloroform:isoamyl alcohol
(24:1) emulsion to separate most cellular debris/proteins
from nucleic acids (organic solvent versus aquaeous phase).
Nucleic acids were precipitated with either ethanol or
isopropanol, pelleted by centrifugation, washed with 70%
ethanol, and resuspended in either water or TE buffer (10.0
mM Tris-HCl and 1.0 mM EDTA, pH 7.4 - 8.0).
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Using a Bio-Rad (Hercules, CA) SmartSpec™ 3000
Spectrophotometer and a 1:20 dilution, optical density
analysis was used to determine genomic DNA yields and
purity. The Dneasy Mini Plant Kit worked best on necrotic
tissue but with low yields of genomic DNA (~5 - 50 ng/pl) ,
while both the MasterPure Plant Leaf DNA Purification Kit
and the 2X CTAB extraction protocol gave higher yields of
genomic DNA from green tissue ranging from 125 ng/ul to as
high as 1700 ng/p.1. The optical density A260/A280 ratio was
typically within a range of 1.8 to 2.6. A ratio between
1.8 - 1.9 is considered fairly pure DNA, while a ratio
greater than 1.9 is indicative of the presence of RNA. The
optical density A234/A260 ratio ranged between 0.3 to 0.6. A
value greater than 0.5 is indicative of protein
contamination. The small amounts of RNA or protein co­
precipitating with the DNA during the isolation process did
not adversely affect the amplification and sequencing of
targeted DNA regions, nor the use of restriction
endonucleases.
After isolation, genomic DNA was visualized by agarose
gel electrophoresis. Five micro-milliliters (5 pi) of
genomic DNA was run through an agarose (0.8%) gel made with
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IX TAE Buffer (40 mM Tris, 20 mM acetate, and 2 mN EDTA),
stained with ethidium bromide, and visualized under ultra­
violet light. A one kilo-base (1 Kb) DNA ladder (Bromega 
Corporation, Maddison, Wisconsin) was used for size 
comparison in the agarose gel. DNA isolated from field­
standing necrotic tissue did not always yield a sufficient 
quantity of DNA to be visually detectable in the gel. DNA
isolated with the MasterPure Plant Leaf DNA Purification
Kit and the 2X CTAB extraction protocol yielded smears of
genomic DNA in the agarose gel, including high molecular
weight DNA as distinct bands in the upper portion of the
gel (Figure 4 ) .
Overall, genomic DNA isolation produced quantities of
DNA that ranged from 5.0 to 500+ ng/pl, with little RNA and
protein contamination that could interfere with PCR
amplification. The Qiagen Dneasy Mini Plant kit worked
best on dry, necrotic stem tissue, while both the Epicentre
MasterPure™ Plant Leaf DNA Purification kit and the 2X CTAB
protocol produced the highest quantities of DNA from green
or biologically active leaf tissue.
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Polymerase Chain Reaction and Deoxyribonucleic 
Acid Sequencing
To determine the utility of specific loci for intra­
specific population analysis, several noncoding nuclear and
chloroplast loci were screened for hypervariable regions
using published oligonucleotide primer pairs. Because of
their phylogenetic utility (Lihova et al. 2004; Ruggiero
and Procaccini 2004), the cpDNA introns and intergenic
spacers found within and between the transfer RNAs for
leucine (UAA) and phenylalanine, and the nrDNA cistron
comprising the 18S-5.8S-26S transcribe sequence (one
continuous sequence) were identified for sequencing (see
Tables 3 and 4). The tailed primer method was utilized,
which employs a two-part primer system of standard
sequencing primers M-13-Forward (5'-CACGACGTTGTAAAACGAC-3')
and M-13-Reverse (5'-GGATAACAATTTCACACAGG-3') attached to
the 5' end of PCR primers. Published oligonucleotide
primer pairs used for PCR amplification, their base
compositions, approximate hybridization locations on the
sequences of interest, and references are displayed in
Tables 3 and 4.
The Polymerase Chain Reaction (PCR) was used to
amplify the sequences of interest. PCR reactions were
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assembled using Eppendorf' s (Hamburg, Germany) reagents 
provided with their polymerase TAQ (10X Taq Reaction 
Buffer: 500 mM KC1, 100 mM Tris-HCl pH'8.3, 15 mM MgCl2; and 
5X TaqMaster Buffer). Fifty microliter PCR reactions were 
prepared using 5.0 pi of each buffer, 1.0 - 2.0 pi of
genomic DNA (a range of 5 to 100 ng/pl), 1.0 pi of each
primer at a 20 mMol dilution, 2.5 units of TAQ polymerase 
[5 U/pl in 20 mM Tris-HCl pH 8.0 (at 25°C) , 100 mM KC1, 0.1 
mM EDTA, 1 mM DTT, 50% glycerol, 0.5% Tween® 20, and 0.5% 
Nonidet-P40®] , and sterile, deionized water to bring the
final volume to 50 microliters.
PCR was carried-out using Eppendorf's (Hamburg,
Germany) Mastercycler® Gradient Thermal’' Cycler and a 
protocol of one to two minutes of initial denaturation of
dsDNA at 94°C; 30 to 35 cycles of one minute at 94°C for
denaturation of dsDNA, one minute at 48°C for annealing the
primers to ssDNA, and one minute at 68°C for strand
elongation; and five minutes at 68°C for final elongation.
Five micro liters of each PCR reaction was electrophoresed,
including negative controls, on an agarose gel for visual
detection of PCR product. PCR reactions exhibiting robust
electrophoretic bands without associated extraneous
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the four deoxynucleotide triphosphates (dNTPs)and one of 
the four dideoxynucleotide triphosphates (ddNTPs), which 
when incorporated into the nascent DNA strand by the 
polymerase will terminate that strand's growth. Cycle 
sequencing resulted in DNA fragments of varying lengths,
each with a terminal ddNTP.
Cycle sequencing reaction mixes were assembled using 
Epicentre's (Madison, Wisconsin) SequiTherm Excel™ II DNA 
Sequencing Kit-LC. Four reaction mixes were prepared for
each PCR template DNA sample, with one ddNTP aliquot to
each tube. A master mix was prepared for each sample that
contained 1.0 pi of 1.0 pM IrDye™ M-13 700 and 800 primers,
7.2 pi 3.5X SequiTherm Excel™ II sequencing buffer, 1.0 pi 
of SequiTherm Excel™ II DNA polymerase (5 U/pl), 5.0 pi of 
PCR template DNA, and sterile, deionized water to a final
volume of 15.0 pi. Four microliters of the master mix were
aliquot into each termination mix tube.
Cycle sequencing was performed using an Eppendorf's
(Hamburg, Germany) Mastercycler thermalcycler ( with an
initial denaturation of 95°C for five minutes, and 20 
cycles of 95°C for 60 seconds, 54°C for 30 seconds, and 
70°C for 60 seconds. Three microliters of stop/loading
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buffer (formamide) were added to each tube at the
conclusion of cycle sequencing.
Fragments produced by cycle sequencing were separated
by polyacrylamide gel electrophoresis using the Li-Cor 4300 
DNA Analyzer. Polyacrylamide gel electrophoresis has the 
ability to separate single-stranded DNA fragments that 
differ in length by only one nucleotide base. Gel
electrophoresis was carried out by using a 41-cm x 0.20-mm 
polyacrylamide gel. The gel was a blend of 30 ml of Li- 
Cor' s KBplds (5.5%) gel matrix, 200 pi of 10% ammonium 
persulfate, and 20 pi of Temed (Invitrogen Life
Technologies, Carlsbad, California), with the
polyacrylamide gel allowed to 'cure' for 1.5 hours prior to 
loading the samples. Electrophoretic conditions consisted
of running the gel for nine hours at 1800 volts and at
45°C. Sequence data (TIF images) were automatically 
collected in real time during electrophoresis. Initial 
scoring of the sequence data was by Li-Cor's Eseq® DNA 
sequencing and analysis software, with ambiguous base calls
resolved by aligning contigs (dsDNA) within Li-Cor's
AlignIR assembly and alignment software (v. 2.0) and
DNASTAR, Inc. (Maddison, WI) Lazergene sequence analysis
software (v. 5.0) using the TIF images and chromatographs.
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Samples with ambiguous data that could not be resolved were 
re-sequenced using labeled primers matching highly- 
conserved internal portions of the amplicons (Table 4). A 
consensus sequence of each resolved amplicon pair was saved 
as a text file (.seq) in the Lazergene program. Consensus
sequences for all 45 individuals (cpDNA trnL intron and
trnL-F intergenic spacer, and nrDNA ITS 1 - 5.8S - ITS 2)
were aligned in DNASTAR's Lazergene program (MEG Align) to
identify polymorphic sites.
Generation of Amplified Fragment Length 
Polymorphism Markers
Amplified Fragment Length Polymorphism (AFLP®, Zabeau 
and Vos 1993; Vos et al. 1995) markers were generated for
50 individuals of Astragalus jaegerianus (10 from each
population). This represents a similar sample size as used
by Muellner et al. (2005) in their study of Pleistocene
refugia and recolonization routes of Hypochaeris palustris
(Asteraceae) in the southern Andes using AFLP markers
(samples ranged between 2 and 16 individuals per
population, with an average of 9.8 individuals per
population). The IRDye™ Fluorescent AFLP® Kit for Large 
Plant Genome Analysis (Li-Cor, Inc., Lincoln, Nebraska),
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which contained all reagents, enzymes, adaptors, and
primers for the AFLP analysis, was used to generate AFLP
markers, but with several modifications to the kit's
protocol. The kit's instructions specify 100 ng of genomic 
DNA for digestion. After several trials at various
concentrations of genomic DNA, it was found that using 500
ng of genomic DNA resulted in sharper and reproducible
banding patterns in the gel images. This is similar to
what Lanteri et al. (2004) did to test for reproducibility
of bands. They found when they experimented with various
amounts of genomic DNA those concentrations of genomic DNA
less than 20 ng per reaction resulted in band artifacts and
loss of bands. They gave no upper limits on concentrations
experimented with, but stated they used between 400 and 500
ng of genomic DNA per digestion.
Several other modifications to the kit's protocol
dealt with adding deionized formamide to the PCR
amplification reaction mixes, adjusting the pH of the 
adaptor mix, and ligating the adaptors at 16°C overnight.
Ligase, the enzyme for ligating the adaptors to the
restriction fragments optimally functions at 16°C, with
best results obtained with an overnight incubation period.
The addition of deionized formamide to the pre-selective
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and selective PCR-amplification reactions is known to
sharpen bands and reduce background noise in the
electrophoretic (polyacrylamide) gel image. Deviations for
both the ligation termperature and overnight incubation,
and the addition of formamide to the protocol are found at
Mark E. Berres' web site (Berres 2002).
Genomic DNA Digestion and Ligation of Adaptors
Five hundred nanograms of plant genomic DNA per sample
were digested by two restriction enzymes (Msel and EcoRl).
EcoRl, a rare cutter, recognizes the 6-base DNA sequence
GAATTC, while Msel, a frequent cutter, recognizes the
4-base DNA sequence TTAA. Digestion reaction mixes for
each sample were prepared with 2.5 pi of 5X reaction buffer
[50 mM Tris-HCl (pH 7.4) , 50 mM Mg-acetate, 250 mM K-
acetate], EcoRl/Msel Enzyme mix [1.25 units/pl each in 10
mM Tris-HCl (pH 7.4), 50 mM NaCl, .0.1 mM EDTA, l.OmMDTT,
200 pg/ml BSA, 50% (v/v) glycerol, 0.15% triton X-100], 500
ng genomic DNA, and sterile, deionized water to a final 
volume of 12.5 pi. Reactions were incubated at 37 °C for 
two hours, with a subsequent 15 minutes at 7 0°C to
inactivate both enzymes.
Double stranded DNA adaptors were ligated to the
'sticky ends' of the cut DNA fragments by adding 12.0 pi of
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the adaptor mix [EcoRl/Msel adapters, 0.4 mtf ATP, 10 mM
Tris-HCl (pH 7.5), 10 mtf Mg-acetate, 50 mM K-acetate; 
adjusted to a pH 8.0 by the addition of 0.8 M Tris (pH 
8.0)] and 0.5 pi of T4 DNA ligase [5 units/pl in 10 mM
Tris-HCl (pH 7.4), 0.1■mM EDTA, 1.0 mM DTT, 50 mM KC1, 200
pg/ml BSA, 50% (v/v) glycerol] to the digestion reaction 
and incubated overnight at 16°C.
Reproducibility of the AFLP markers is dependent on
complete digestion of genomic DNA by the restriction
endonucleases, and PCR amplification during the pre-
selective and selective amplification steps. Before
progressing to the pre-selective amplification step of
generating AFLP markers, each sample was visually verified
for complete digestion of genomic DNA by agarose gel
electrophoresis.
Successful digestion was verified by the lack of high
molecular weight DNA (Figure 4) in the post-digestion gel
and a light smear of DNA fragments within the size range of
<250 bp to ~1500 bp (Figure 5). Each digestion/ligation
reaction, including a negative control, was visually
checked for completeness of digestion with agarose gel
electrophoresis (1.0% agarose gel made with IX TAE buffer,
10 pi of digestion/ligation mix, and Promega's 1-Kb DNA
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ladder for size comparison) (Figure 5). A 1:10 dilution 
was made from each digestion/ligation reaction by adding 10 
pi of digestion/ligation mix to 90 pi of TE buffer [10 mM
Tris-HCl (pH 8.0), 1.0 mM EDTA].
Primer Combination Selection
A literature review was conducted to determine the
average number of primer combinations used in AFLP studies.
Forty-three papers spanning the years 1996 to 2004 were
reviewed. With the inception of the AFLP technique in
1995, multiple primer combinations per study (four or more)
were common, but declined in number until around 2002 when
four primer combinations became common (Figures 6 and 7).
Sixty-four potential primer combinations were screened
for band clarity and reproducibility. Three Astragalus
jaegerianus individuals were chosen randomly, and replicate
AFLP reactions were performed using sixty-four primer
combinations (EcoRl and Msel primers with different
combinations of three selective bases added to the 3' ends
of the primers).
Of the 64 primer combinations screened, four primer
combinations were selected for the present study that
produced clear interpretable and reproducible bands (see
Table 5).
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Test for Reproducibility
To test for reproducibility of AFLP banding patterns 
in the present study, a subset (n = 5) of Astragalus 
jaegerianus was selected. Each individual of the subset 
was replicated for the four selected primer combinations
from the 1:18 dilution mixture assembled after enzymatic
digestion and ligation of Msel and EcoRl adaptors.
Replications consisted of each individual subjected to AFLP
pre-selective amplification and selective amplification 
twice from the same master mix, and again twice but from
different master mixes.
The test for reproducibility of band patterns resulted
in a mean scoring error rate of less than 1% for the
duplicated reactions assembled from the same master mix,
while the duplicated reactions assembled from separate
master mixes had a mean scoring error rate of 9.69% (Table
6). The error rate of less than 1% for scoring bands is
less than that which Winfield et al. (1998) accepted in
their study.
Therefore to reduce the error rate when scoring bands,
all AFLP reactions were made from the same master mix for
each of the four primer combinations for all 50 samples.
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Pre-Selective Amplification
A pre-selective amplification step was used to reduce
the number of DNA fragments in each sample to a more
manageable number (a 1/16 fold reduction). Forward and
reverse primers (EcoRl and Msel primers) complementary to
the EcoRl/Msel adapters, with one additional nucleotide at
the 3' ends (EcoRl primer with an A, and the Msel primer
with a C), were employed to amplify flanking regions. A
pre-amplification reaction mixture was assembled by adding 
20 pi of AFLP® Pre-amp primer mix, 2.5 pi of 10X PCR 
amplification buffer [100 mM Tris-HCl (pH 8.3), 15 mM MgCl2,
500 mM KC1], 0.5 pi of Eppendorf's (Hamburg, Germany) Taq 
DNA polymerase [5 U/pl in 20 mM Tris-HCl pH 8.0 (at 25°C), 
100 mM KC1, 0.1 mM EDTA, 1 mM DTT, 50% glycerol, 0.5% Tween® 
20, and 0.5% Nonidet-P40®] , and 5.0 pi of diluted (1:10) 
ligation mixture for a total volume of 28.5 pi. Deionized
formamide (95.5%) (Sigma, St. Louis, MO) was added to each
reaction (2.0% by volume) to sharpen bands and reduce
background noise in the electrophoretic polyacrylamide gel
image.
PCR amplifications were performed with the following
protocol: initial extension step at 72°C for 60 seconds to 
fill-in the over-hanging gap on the adaptors, and then 20
63
cycles at 94 °C for 50 seconds for denaturing dsDNA, 56°C 
for 60 seconds for annealing primers, and 72°C for 120 
seconds for extension. At the conclusion of amplification,
each reaction was checked for the presence of a light smear
of DNA fragments via agarose gel electrophoresis to
visually verify positive amplification. Ten microliters of
PCR pre-amplification reaction was loaded into a 1.0%
agarose gel with IX TAE buffer, and pulled through the
agarose gel with 100 volts for one hour. The gels were
stained with ethridium bromide for 45 minutes and
visualized under ultra-violet light (Figure 8).
Each pre-selective amplification reaction was diluted
(1:18) with sterilized, deionized water, and stored at
minus 20°C.
Selective Amplification
To further reduce the number of amplified fragments in
the pre-selective amplification reactions, a selective
amplification PCR was used that added an additional two
bases to the 3'-end of the EcoRl and Msel primers. This
would result in a further 16-fold (16 x 16) reduction in
amplified fragments (Fay et al. 1999).
Selective PCR amplification reactions were assembled
by first preparing a Tag DNA polymerase working mix. The
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working mix contained 40 pi of 10X amplification buffer
[100 mM Tris-HCl (pH 8.3), 15 mM MgCl2, 500 mM KC1] , 2.0 pi 
of Eppendorf's (Hamburg, Germany) Taq DNA polymerase [5 
U/pl in 20 mM Tris-HCl pH 8.0 (at 25°C), 100 mM KC1, 0.1 mM 
EDTA, 1 mM DTT, 50% glycerol, 0.5% Tween® 20, and 0.5% 
Nonidet-P40®] , and 158 pi of sterile, deionized water for a 
total volume of 200 pi. The Taq DNA polymerase working mix
was stored at -20 °C until needed for the assembling of
selective PCR amplification reactions.
Selective amplification PCR reactions were assembled
with 6.0 pi of the Taq DNA polymerase working mix, 2.0 pi
of Msel primer containing dNTPs (M-CAC), 0.5 pi IRDye 700
labeled EcoRl primer (E-ACC or E-ACA), 0.5 pi IRDye 800
labeled EcoRl primer (E-ACT or E-AGC), and 5 pi of diluted
(1:18) pre-amplification DNA for a total volume of 14 pi.
Deionized formamide was again added to each reaction at the
rate of 2% of the reaction volume.
PCR was performed using a touchdown program: One
cycle at 94°C for 30 seconds, 65°C for 30 seconds, and 72°C
for 60 seconds; 12 cycles of subsequently lowering the 
annealing temperature by 0.7°C per cycle from 65°C to 56°C; 
and twenty-three cycles at 94°C for 30 seconds, 56°C for 30 
seconds, and 72 °C for 60 seconds. At the conclusion of the
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PCR program, 5.0 pi of Li-Cor's blue-stop solution were
added to each reaction. The blue-stop solution provides
for visible verification when loading the selective
amplifications in the electrophoresis gel, while the
formamide in the solution prevents dsDNA amplicons from re­
annealing after heating (95°C) to denature the amplicons in 
preparation for electrophoresis.
Separation and scoring of the selective amplification
amplicons was accomplished on a Li-Cor, Inc., 4300 DNA
analyzer using a polyacrylamide gel. The polyacrylamide 
gel was a blend of 25 ml of Li-Cor's KBPLUS (6.5%) gel 
matrix, 150 pi of 10% ammonium persulfate, and 15 pi of
Temed (Invitrogen Life Technologies, Carlsbad, California),
poured between 25-cm X 0.25 mm glass plates and allowed to
'cure' for'1.5 hours prior.to loading the samples.
Electrophoretic conditions consisted of running the gel for
3.5 hours at 1500 volts and at 45°C. . Approximately 1.5 pi
of each selective amplification reaction was loaded into
the gel. Li-Cor's 50-700 bp size standard was also loaded
on each side of the selective amplifications to provide for
rapid identification of bands and accurate fragment sizing.
Scoring of the gel image was accomplished with Li-Cor's 
Saga™ automated AFLP® Analysis software (v. 3.1), and by
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eye.- Each band was considered a putative locus with two
alleles, and scored as either present [dominant marker;
homozygote (AA) or heterozygote (Aa)] or absent [null
homozygote (aa)]. Only bands occurring between 50 and 500
bases in length (size standard) were scored, as size
homoplasy resulting from co-migrating, non-homologous bands
is more frequent among shorter and longer AFLP fragments
(Vekemans et al. 2002).
Statistical Analysis
The level of genetic variation and its distribution
for assessing population structure was estimated using
summary statistics generated from analyses of the AFLP data
sets. Population parameters - that are used to characterize
levels of genetic variation and distribution within and
among populations include the percentage of polymorphic 
loci, the number of AFLP phenotypes, gene diversity (Nei 
1987), and gene similarity (Nei and Li 1979), and estimates 
of gene flow (migration) among populations. Wright's
(1951) F-statistics, or analogs, were estimated to
summarize population differentiation. Such descriptive 
statistics are easily generated via computer-run software
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programs - ARLEQUIN 2.0, TFPGA, POPGENE, and the R Package;
all of which are discussed below.
Genetic Diversity
ARLEQUIN 2.0 (Schneider et al. 2000) was used to
derive the percentage of polymorphic loci and the number of 
AFLP phenotypes within each population. To estimate Nei's 
(1987) gene diversity (across the range of the species and 
within each population), POPGENE 1.31 (Yeh et al. 1999),
was used. Nei's (1987) measurement of gene diversity does
not depend on proportion of polymorphic loci, but rather on 
allele frequencies and evaluates the probability that two 
randomly chosen alleles from a population are different.
Nei and Li's (1979) index of similarity was derived with
the R Package for Multivariate analysis version 4.0
(Casgrain and Legendre 1999).
Population Structure
The distribution of genetic variation was assessed by
a hierarchical analysis of molecular variance (AMOVA,
Excoffier et al. 1992) at two levels - within populations
and among populations. Using a pairwise squared Euclidean
distance matrix derived in ARLEQUIN 2.0, AMOVA also
estimates Wright's (1951) global FST and population pairwise
Fsr by partitioning the total variance in allele frequencies
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into covariance components. The significance of the
fixation indices was tested by using 1034 permutations.
Tools for Population Genetics Analysis (TFPGA, Miller
2000) was used to calculate Nei's unbiased (1978) genetic
distances and identities. The same program was used to
estimate QSt (Weir and Cockerham 1984; Weir 1996), while
POPGENE 1.31 was used to estimate Nei's GST (Nei 1987), both
analogs to Wright's (1951) FST.
Mantel tests (Mantel 1967) were performed to test for
associations between various dissimilarity values. To test
for isolation by distance, a Mantel test (TFPGA) was
applied to two parameters - population pairwise FST indices
and geographical distances in kilometers between
populations. The linear distance between populations was
measured as a straight line between an approximate central
point estimated between sample points in each population.
Pearson's product moment correlation coefficient (r) was
derived at a significance level of a = 0.05 for the Mantel
test, and verified using the statistical analyses package
SPSS (Windows version 12.0, SPSS Inc., Chicago, Ill.). A
similar test for association was performed in SPSS between
Nei's (1987) unbiased genetic distances and geographical
distances as above. Additional tests of association
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performed in SPSS include testing for association between 
combinations of gene diversity, population census size, 
population pairwise FST coefficients, population area,
population density, and geographical distances between
populations.
Gene Flow
Gene flow is the genetic exchange between populations,
and is distinguished from migration or dispersal of
individuals for reasons other than mating or reproduction.
Gene flow is difficult to measure directly, such as
tracking the movement of individuals between populations
(Slatkin 1981) . Thus, it has become common practice to
estimate gene flow indirectly as Nem using molecular 
markers1. ARLEQUIN 2.0 was used to estimate gene flow 
between populations of Astragalus jaegerianus based on
estimates of population pairwise FSt values derived in
ARLEQUIN 2.0. The relationship between gene flow
(migrants) and FST is expressed as (Wright 1969):
Nem = (1 - Fst)/(4Fst)
1 Nem represents the actual number of migrants in a
population that have come from another population in one 
generation, with Ne being the effective population size of 
the recipient population (Halliburton 2004).
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Assumptions for computing estimated migration rates per 
generation between populations include that the populations 
being compared are of equal size of N drawn from a large 
pool of populations that exchange m migrants each
generation, that the mutation rate (u) is negligible 
compared to the migration rate (m) with the populations in 
equilibrium for mutation versus migration rates.
Individual Multivariate Analysis
A phenogram portraying genetic relationships among 
individual samples by clade analysis was constructed using 
the software package PAUP 4.0d64 (Swofford 1998). The 
distance algorithm was used to derive an unweighted pair- 
group method using arithmetic averages (UPGMA) tree. The
tree was saved and bootstrapped (1000 permutations) to
determine support for each branch/node.
The AFLP data set was subjected to Principle
Coordinates Analysis (PCoA), which allows the positioning
of objects in a two-dimensional reduced space that
preserves their actual linear distance relationships. The
R Package version 4.0d6 (Casgrain and Legendre 2001), a
computer software program for multivariate and spatial
analyses, was used for the PCoA analysis. A Euclidean
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distance matrix was constructed using the AFLP binary data 
matrix, from which eigenvalues and eigenvectors (eigen is
the German word for 'characteristic') were derived. In
numerical ecology it is advantageous to reduce a large
number of variables to a smaller number of variables, with
each explaining a portion of the observed variance between 
samples. In the present study there are 49 samples and 290
variables (each loci representing a variable or
characteristic in the data set). The R Package computes a
new matrix of eigenvalues from the Euclidean distance
matrix that assigns a portion of the observed variance to
each sample in the data set, and ultimately constructs a
new matrix of variables (eigenvectors) with two variables -
axis 1 and axis 2. The axes were graphed in order to
visualize the genetic relationship among individuals.
The software program TFPGA was used to construct an
UPGMA cluster phenogram based on pairwise comparisons of
Nei's (1978) unbiased genetic distances for the five
populations. The constructed tree was bootstrapped for
1000 permutations to determine support for each node.
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CHAPTER THREE
RESULTS
Deoxyribonucleic Acid Isolation
Genomic DNA was isolated from 97 individuals of
Astragalus jaegerianus, five individuals of A.
didymocarpus, and five individuals of A. layneae. Isolated
genomic DNA concentrations ranged from 5.0 ng/pl to 50 ng/pl
for dry tissue, with green plant tissue typically providing 
the higher concentrations of genomic DNA ranging from 100
to greater than 500 ng/pl.
Although all three DNA isolation methods yielded 
genomic DNA, only Epicentre's MasterPure™ Plant Leaf DNA 
Purification Kit and the 2X CTAB extraction protocol
yielded high molecular weight DNA (Figure 4). This may
have been due to selection of different DNA isolation
processes based on tissue type, as only Qiagen's DNeasy
Mini Plant Kit was used for DNA isolation from the field­
standing, necrotic stem tissue collected the first year of
the study, while the other two isolation methods were used
on green or biologically-active leaf tissue. The presence
of high molecular weight DNA is considered important for
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generating reliable and reproducible AFLP markers. Chung
et al. (2004) also used three different DNA isolation
methods (Qiagen's Dneasy Plant Mini Kits, Dneasy 96 Plant
kit, and a modified Doyle and Doyle (1987) 6x CTAB
extraction protocol) in their study of the population
genetics of Oxytropis' campestris variety chartacea
(Fabaceae) using AFLP' markers. They tested whether any of
the three methods used would result in different
phylogenetic signals based on the AFLP banding patterns.
Their analyses showed that individuals clustered in the
same population regardless of the DNA isolation method
used, and remarked that the method used to isolate genomic
DNA had no visible effect on the AFLP process or outcomes.
Deoxyribonucleic Acid Sequencing
Nine individuals were chosen from each population (n
45) for PCR amplification and sequencing. The intergenic
spacer between the chloroplast trnL-F loci and the intron
within the transfer RNA for leucine (trnL) (600 and 250 bp
respectively), and both the internal transcribed spacers
ITS 1 and ITS 2, as well as the 5.8S gene, in the nuclear
ribosomal DNA cistron (~800 bp) were amplified and
sequenced. Representative sequences from each region were
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verified as closely matching Astragalus species by
comparing them to putative sequences located on the
National Institute of Health's GenBank Database
(Chttp: //www. ncbi. nlm. nih.gov/Genbank/>)'.
When amplifying the nrDNA ITS region, one individual
yielded two bands in the agarose gel. To test for
paralogous sequences, both bands were sequenced and
verified through the GenBank database. The upper band
matched nrDNA sequences reported for Astragalus species,
while the lower band matched DNA sequences of fungi
(Aureobasidium), indicating contamination of the genomic
DNA extraction by fungal DNA. This may have resulted from
fungal spores or hyphae clinging to field-collected leaf
and stem tissue. Dual bands were only problematic for the
nrDNA amplifications, and in only one individual.
Alignment of the cpDNA and nrDNA sequences derived
from the 45 A. jaegerianus individuals failed to reveal any
nucleotide variation (substitutions or indels) (Appendices
D and E), thus, making the 45 individuals monomorphic for
1284 bases at the five loci.
On the other hand, nuclear rDNA ITS 1, 5.8S, and ITS 2
sequences for five individuals of Astragalus didymocarpus
revealed nine single nucleotide polymorphisms out of 595
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bases (1.5%), while three individuals of A. layneae
revealed 2 single nucleotide polymorphisms out of 595 bases 
(0.34%) (Appendix D). For sequences of the trnL-F intron 
and intergenic spacer, three of five A. didymocarpus 
individuals possessed two separate indels (one 7 bases in 
length and the other one-, base only) along with three single 
nucleotide polymorphisms (substitutions) out of 699 bases
(0.43%). Three individuals of A. layneae were sequenced
for the same region with 2 single nucleotide polymorphisms
out of 699 bases (0.29%) and no indels (Appendix E).
Our sequence data shows that 45 individuals of 
Astragalus jaegerianus were monomorphic at the five loci 
examined. Conversely, our sequence data for individuals
each of both Astragalus didymocarpus and A. layneae from
the same habitat suggest a reasonable expectation for DNA
sequence polymorphisms within the genus Astragalus for the
five loci. '
Amplified Fragment Length Polymorphism 
Markers
AFLP generated a, total of 360 markers or bands from
the four primer combinations for 49 individuals (10 from
i
each population, with! the exception of the Brinkman Wash
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population wherein one individual was omitted from the 
study due to non amplification in the selective 
amplification step). The four AFLP binary data sets 
(Appendices F) were combined in tandem to make a single 
data set for multivariate and statistical analyses. Table
5 shows the number of AFLP markers generated by each primer
pair. Only polymorphic loci were used in the multivariate 
and statistical analyses.
Genetic Diversity
Contrary to the monomorphism found in the chloroplast
and nuclear DNA sequences, each individual plant sampled
for AFLP polymorphisms represents a unique AFLP phenotype
or haplotype. Of the total 360 AFLP bands scored, 290
(80.5%) were polymorphic. The proportion of polymorphic
loci found (after removal of all monomorphic loci for
statistical and multivariate analyses) in each population
ranged from 55.8% in ,the Lane Mountain population to 70.0%
in the Goldstone population (Table 13). An increasing
trend in the proportion of polymorphic loci follows the
geographic arrangement of the populations from southwest to
northeast (Table 7).
i
77
Nei's (1987) mean gene diversity within the range of
the species, as measured over all loci, was 0.2660 with a
i
standard deviation of 0.1603. Gene diversity is based on 
the probability that any two randomly chosen alleles within 
the range of the species are different, and is simply a
measure of genetic variability (Nei 1987). When measured
separately for the five putative populations, Nei's mean
gene diversity ranged from 0.1905 for the Lane Mountain
population to 0.2505 for the Goldstone population (Table
7). This range from lowest to highest follows the
geographic arrangement of the populations (Figure 1) from
southwest to northeast with the exception of the
Prospectors Wash (mean 0.2316) and Brinkman populations
(mean 0.2283). In population pairwise tests for
significant differences between means, the mean genetic
diversities between the following populations were not
significantly different from zero: Lane Mountain -
Coolgardie population (F(df 289) = 0.039, p>0.05), Prospectors
Wash and Brinkman Wash populations (F(df 289) = -0.261,
p>0.05), Prospectors Wash and Goldstone populations (F(df 289)
= 1.368, p>0.05), and Brinkman Wash and Goldstone
populations (F(df 289) - -1.615, p>0.05). All other pairwise
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population comparisons of mean genetic diversities were 
significantly different at the p<0.05 level.
Nei and Li's (1979) mean genetic similarity index for 
each population follows a different trend than mean genetic 
diversities, with the highest mean values of similarity
found in the Lane Mountain population (0.7725) and
Coolgardie population (0.7758) and the lowest mean value of 
genetic similarity in the Prospectors Wash population
(0.7316) (Table 7). Goldstone and Brinkman Wash
populations are intermediate with the Goldstone population 
having a higher mean genetic similarity index (0.7500) than
the Brinkman Wash population (0.7422). In population
pairwise tests for significant differences between means,
the mean genetic similarities between the following
populations were not significantly different from zero:
Lane Mountain and Coolgardie populations (F(df 44) = 0.696,
p>0.05), Prospectors Wash and Brinkman Wash populations 
(F(df 35) = 1.265, p>0.05), and Brinkman Wash and Goldstone 
populations (F(df 35) = 0.227, p>0.05). All other pairwise
population comparisons of mean genetic similarity indexes
were significantly different at the p<0.05 level.
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Population Genetic Structure 
The observed genetic variance between each haplotype
was partitioned within populations and among populations by 
analysis of molecular variance (AMOVA). Eighty-seven 
percent of the total genetic variation is attributed to 
differences within the populations, while ~13% of the total
genetic variance is attributed to differences among the
populations (Table 8).
Wright's (1951) global FSt revealed significant
differentiation among the five populations (Fsr = 0.133,
p<0.01). Similar values, but slightly higher, were
revealed in TFPGA (0ST = 0.174) and in POPGENE (GST = 0.180)
(Table 9). Thus, all three indices gave consistent
evidence of differentiation among the five putative
populations. FST indices obtained for pairwise comparisons
among the five populations revealed a pattern of decreasing
differentiation in a northeast to southwest direction,
which follows the geographic arrangement of the populations
(Table 10 and Figure 1). Goldstone and Lane Mountain
populations differentiated the greatest (FST of 0.232,
p<0.0001), while Lane Mountain and Coolgardie populations
differentiated the least with a FST of 0.069, p<0.0001).
All adjacent populations showed differences from each other
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that were significantly different from zero, but with low
FSt values (ranging from 0.051 to 0.112, p<0.01).
Prospectors Wash and Brinkman Wash populations show the 
least differentiation with a pairwise FSt of 0.051,
p<0.002).
Nei's (1987) estimates.of unbiased genetic distances
and identity matrices of pairwise comparisons between the 
five populations revealed a similar pattern as did 
population pairwise comparisons for Fsr- Beginning with the
Goldstone population, genetic distance increased in a 
southwesterly direction, such that the genetic distance
between Goldstone and Brinkman Wash populations was 0.0619,
while the genetic distance between Goldstone and Lane
Mountain populations was estimated at 0.1004 (Table 11).
For adjacent populations, genetic distance tended to
decrease in a northeast to southwest direction except for
the genetic distances estimated between Prospectors Wash
population and Brinkman Wash and Coolgardie populations.
In a test (Mantel test, TFPFA) for isolation by
distance, a significant positive correlation was found
between Nei's (1987) estimates of unbiased genetic
t
distances and geographic distances separating each
population (r = 0.823, p<0.01) (Figure 9). A UPGMA cluster
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analysis, constructed using TFPGA, also illustrates
population pairwise relationships (Figure 10). The
dendrogram demonstrates that Lane Mountain and Coolgardie 
populations are more similar to each other than to the 
other three populations but both are more similar to
Prospectors Wash and Brinkman Wash populations than to 
Goldstone population. Prospectors Wash and Brinkman Wash
populations are more similar to each other than the other
three populations but both are more similar to Lane
Mountain and Coolgardie populations than to the Goldstone
population. Goldstone population appears to be more
distant (genetically) to the other four populations, but
more so to Lane Mountain and Coolgardie populations than to
Brinkman Wash and Prospectors Wash populations.
Nei's (1987) estimates of unbiased genetic identity
followed the same pattern as the estimates of unbiased
genetic distances, except in a inverted fashion, as the
estimates of similarity and distance are not independent of
each other (Table 11). Genetic identity decreased in the
same direction (Lane Mountain and Coolgardie populations
with an estimated unbiased genetic identity of 0.9626 to an
estimate of unbiased genetic identity between Lane Mountain
and Goldstone populations of 0.9045).
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Tests for correlation among various genetic and
demographic parameters also demonstrated patterns
associated with the species' geographical spatial
arrangement. For instance, a significant positive
correlation was found between population pairwise FST
indices (Table 10) and geographical distances (Table 12)
between populations (r = 0.792, p<0.01). Figure 11
illustrates this correlation and shows that as geographic
distance increases between populations, FSt coefficients
also increase, which demonstrates that genetic
differentiation among the five putative populations
increases with distance. The correlation between
population pairwise FST indices and geographic distance is
corroborated by the significant correlation between Nei's
estimates of population pairwise genetic distances and
geographic distances (r = 0.823, p<0.01). Both
correlations support an isolation by distance model for the
spatial arrangement of the five putative populations of
Astragalus jaegerianus.
Correlations were also explored between demographic
parameters. We found a significant positive correlation
between the area occupied by each population and its census
(r = 0.923, p<0.05), but a significant negative correlation
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between population area and population density (r = -.0928, 
p<0.05). This illustrates that as population area
increases, the number of individual plants within a 
population is also increasing but at a slower rate. Thus, 
population density decreases.
A test for association between the geographic area of
each population (Table 7) and gene diversity (Table 7) was 
performed. Kearns (2002) assumed a single population
(Coolgardie Mesa) for the southwestern limits of the range
of Astragalus jaegerianus, and reported the acreage as 
nearly 10,000 acres (Table 7). Because we delineated two 
populations (Lane Mountain and Coolgardie populations) in
this area, we averaged both population's gene diversity
indices and assumed a single population for this test of
association with four degrees of freedom. A significant
negative correlation was found (r = -0.988, p<0.01, Figure
12), which demonstrates that as population area increases,
gene diversity is decreasing. This is not congruent with
other plant studies, wherein gene diversity has been shown
to be positively correlated with populations geographical
area (Despres et al. 2002).
We also tested for association between population
density and gene diversity. Because Kearns (2002) report
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lumped the Lane Mountain and Coolgardie populations 
together as one population, we assigned population 
densities of 0.21 plants per acre to both populations 
(Table 7) for the test, which gave us five degrees of
freedom. We found a significant positive correlation (r =
0.926, p<0.05; Figure 13) between population density and
gene diversity. This is an important result, as typically 
population size and genetic diversity are linked (Despres
et al. 2002).
Gene Flow
Gene flow or number of migrants per generation (Nein)
was estimated in ARLEQUIN 2.0 using population pairwise FST
indices (Table 10) between each population with the
estimates provided in a matrix (Table 13). Estimates of
migration rates were higher between adjacent populations
than among populations separated by one or more
populations. For instance, migration rates per generation
ranged from 1.97 between Goldstone and Brinkman populations
to 4.65 between Prospectors Wash and Brinkman Wash
populations. Migration rates per generation among
populations separated by one or more intervening
populations ranged from 1.68 between Coolgardie and
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Prospectors Wash populations to 0.83 between Goldstone and 
Lane Mountain populations. Lane Mountain and Coolgardie 
possessed the highest estimate of migration exchange at 
3.35 migrants per generation, while Lane Mountain and 
Goldstone populations possessed the lowest estimate of
migration exchange at 0.83 migrants per generation.
Because the number of migrants per generation is computed
from population pairwise Fsr coefficients, a test for
correlation between the number of migrants per generation
and the population pairwise FST coefficients revealed a
significant negative correlation (r = -0.901, p<0.01), or
as the number of migrants increased per generation,
population differentiation increased.
Individual-Based Multivariate Analyses
Both UPGMA and PCoA cluster analyses provide a more
detailed illustration of genetic diversity and genetic
structure among populations and individuals. In both the
UPGMA dendrogram (constructed in PAUP 4.0) of individuals
(Figure 14) and the PCoA cluster plot (computed with the R
Package; Figure 15), individuals tend to be arranged in
clusters representing the populations from which they were
collected. However, there a number of exceptions to this
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tendency. Even though there is moderate to high genetic
similarity among individuals within each population, there
are a few individuals from each population that cluster
more closely with individuals from adjacent populations.
This can be seen in the PCoA cluster analysis whereas two
individuals of the Goldstone population cluster with
members of the Brinkman population, several members of the
Brinkman population cluster with individuals of the
Prospectors Wash population, and several members of the
Prospectors Wash population cluster with members of the
Lane Mountain and Coolgardie populations. Lane Mountain
and Coolgardie nearly form a cluster of intermingled
individuals. This same pattern is found in the UPGMA
dendrogram (Figure 14) where several members of each
population cluster with members of adjacent populations.
Individuals within the Lane Mountain and Coolgardie
populations form a fairly compact and intermingled group in
the PCoA cluster plot (Figure 15), which is expected based
on the low population pairwise FSt coefficient (0.069,
p<0.001; Table 16) estimated between the two populations.
This suggests a small but significant difference between
the two populations. In addition, population pairwise
comparisons for Nei's (1987) unbiased genetic distances and
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identity indices (Table 11) revealed the lowest and highest
values (0.0381 and 0.9626) recorded for any of the
population pairwise comparisons. The pattern of clustering
is also evident in the UPGMA dendrogram (Figure 14) and
PCoA cluster graph (Figure 15).
Individuals within the Goldstone population cover the
largest proportion of the PCoA two-dimensional coordinate
system (Figure 15). This is in agreement with the
Goldstone population possessing the greatest level of
genetic variation than the other four populations with 70%
polymorphic loci, and a gene diversity of 0.2505 (Table 7).
The Goldstone population is the smallest of the five
populations - both in census numbers (555; Table 7) and in
acreage (1283 acres; Kearns 2002), which supports our
earlier observation that the level of genetic diversity a
population possesses is associated with population density
rather than a population's geographical area or size.
88
CHAPTER FOUR
DISCUSSION
Genetic Variation within Astragalus jaegerianus
Our DNA sequence data revealed Astragalus jaegerianus
as an endangered species with no genetic variation in the
examined sequences of the chloroplast and nuclear genomes,
while our AFLP data revealed substantial variation and
genetic structure across its restricted range that largely
correlates with its geographical subdivision. The lack of
DNA sequence variation may be due to its small population
size and restricted geographical range, which supports its
listing as endangered under the Endangered Species Act of
1973. By contrast, sequence data (Appendices D and E) from
both small sample sizes (n = 5 and 3) of Astragalus
didymocarpus and A. laynae did reveal polymorphisms for
both the chloroplast and nuclear loci investigated, which
demonstrates polymorphisms at these loci is reasonably
expected. This supports the view that A. jaegerianus is a
narrow endemic and endangered species that lacks genetic
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variation, and has a low effective population size2. Other 
studies investigating population genetics of restricted and 
geographically widespread species, which revealed DNA 
sequence polymorphisms within the five loci investigated in 
this study, include Lihova et al. (2004), Franzke et al. 
(2004), Chiang et al. (2004), Dobes et al. (2004), and 
Ruggiero and Procaccini (2004). Therefore, we reasonably 
expected these five loci would have revealed genetic
variation within Astragalus jaegerianus.
Whereas sequence data at the examined five loci failed
to reveal polymorphisms, AFLP, which screens an
individual's entire genome, did detect polymorphisms that
revealed substantial population genetic structure in A.
jaegerianus. A similar lack of DNA sequence polymorphism
was noted by Despres et al. (2002). They investigated the
geographic pattern of genetic variation in the widespread
European globeflower (Trollius europaeus, Ranunculaceae)
across its range, which spans northern Europe and
southwesterly towards the Pyrenees and Alps, and then
eastward into the Carpathian Mountains. After failing to
2 Effective population size is defined as the size of an 
idealized population that would lose genetic variation by 
genetic drift at the same rate as the census population 
(Frankham et al. 2002).
90
find nuclear and chloroplast DNA sequence polymorphisms in
the same five loci examined in this study (Despres et al.
2003), they switched their methodology to AFLP markers from 
which they were able to reveal genetic variation and 
population structure within the range of the species.
Genetic Diversity
Our AFLP data revealed substantial genetic variation
within the range of Astragalus jaegerianus (average gene
diversity of 0.2660, 80.5% polymorphic loci across all 360
loci scored, and each individual as a unique haplotype; see
Table 7). Genetic diversity estimated within each putative 
population ranged from a low of 0.1905 in the Lane Mountain
population to a high of 0.2505 in the Goldstone population
(Table 7).
Both the global genetic diversity index and each
population's genetic diversity index is higher than
expected for a species with a restricted range and small
populations. For instance, Karron (1991) notes in his
review that plants with restricted ranges and small
populations typically exhibit low levels of genetic
variation. Travis et al. (1996) found extremely low AFLP
genetic diversity within Astragalus cremnophylax var.
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cremnophylax, a critically endangered species with a
restricted range (a strip of limestone pavement
approximately 50 yards in length; Barneby 1964). They 
recorded AFLP gene diversity in both small populations on
the south rim of the Grand Canyon National Park at 0.02 and
0.04. They attributed this loss of gene diversity to
strong genetic drift, and the lack of gene flow between
populations. By contrast, in the geographically
widespread, but regionally isolated European globeflower
(Trollius europaeus), Despres et al. (2002) recorded
genetic diversity for the northern region at 0.158, the
Alps at 0.229, and the Pyrenees at 0.197; indexes that are
more congruent with the observed values for Astragalus
jaegerianus.
It is interesting that within the range of
Astragalus jaegerianus, we observed a mean gene diversity
index of 0.2660, which is comparable to that found in
geographically widespread species. Hamrick et al. (1991)
noted in their review of the allozyme literature that the
average gene diversity for widespread species is 0.202,
while gene diversity for narrow endemics averaged 0.09, or
about half of what has been observed for geographically
widespread species of plants. Although comparing allozyme-
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generated gene diversity indices with AFLP-generated 
indices may not be equitable, it does provide a comparison 
for putting the level of gene diversity found in A. 
jaegerianus in context with gene diversity indices for
higher plants.
In Karron's (1987b) study comparing levels of allozyme
genetic variation between geographically widespread species
and species with restricted ranges, he observed that
whereas species with restricted ranges often do have low
levels of genetic variation, there is considerable variance
in levels of genetic variation among rare species. In a
subsequent review, Karron (1991) observed that in some
cases the extent of geographic range can be a poor
predictor of levels of genetic variation that a species may
possess. He hypothesized that historical factors may
account for differences in levels of genetic variation
among rare species, such as the present range of today may
not correspond to its historic range. Some restricted
species may have once been widespread but are now
restricted in range due to a recent bottleneck, or some
species with restricted ranges may be of recent origin with
no discernible range expansion, or the extent of genetic
variation observed today in a species may be the result of
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cycles of population bottlenecks and expansions (reviewed
in Karron 1991).
Population density may partially explain the levels of 
observed genetic variation within the five populations.
Associations between population demographic factors and
genetics were explored for the milk vetch using Mantel
tests of associations. For instance, there is a
significant positive correlation between population area
and populations census (r = 0.923, p<0.05), such that as
population area increases (population expansion) there is a
corresponding increase in population census (numbers of
individuals) (table 7). However, population density
decreases as population area increases (r = -0.928, p<0.05;
Table 7).
When population demographics were tested for
correlation with genetic attributes of the milk vetch, we
found gene diversity and population density are
significantly correlated (r = 0.926, p<0.05; Table 7 and
Figure 13). As population density increases from a low for
the Lane Mountain and Coolgardie populations (0.21
plants/acre) to a high for the Goldstone population (0.43
plants/acre), we see a corresponding increase in population
genetic diversity. In a similar test of association,
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population area and population gene diversity were not
significantly correlated (r = -0.867, p>0.05). This is an 
important finding. Plant species typically exhibit a 
significant positive correlation between population size 
and genetic diversity. For instance, Gaudeul et al. (2000)
and Fischer and Matthies (1998) both found significant
positive correlations between population size and gene
diversity for the endangered Eryngium alpinum (Apiaceae)
and the rare Gentianella germanica (Gentianaceae)
respectively. Their findings are congruent with the
hypothesis that small populations cannot maintain high
levels of genetic diversity, such as is found in large
populations. Our findings challenge this hypothesis.
On the other hand, Despres et al. (2002) noted in
their study on levels of genetic variation in the
geographically widespread European globeflower that they
could not find any relationship between population size and
gene diversity.
Thus, for Astragalus jaegerianus, population density
partially predicts levels of genetic variation that a
population possesses. The association found between gene
diversity and population density for Astragalus jaegerianus
will be further developed later in the discussion under
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Gene Flow, as it provides insight into the breeding system
of the milk vetch.
Population Genetic Structure
Within Population Genetic Variation
The lack of DNA sequence variation suggests that
Astragalus jaegerianus has recently descended from a few 
individuals, as the five loci we investigated are
polymorphic in the other two Astragalus species sampled 
within the range of A. jaegerianus. Also, these five loci
have been used to detect population structure in other
plant species (Lihova et al. 2004; Franzke et al. 2004;
Chaing et al. 2004; Terry et al. 2000; Ruggiero and
Procaccini 2004). Nevertheless, the AFLP data revealed
substantial within population genetic variation.
Eighty-seven percent of the total genetic variation
observed for the endangered Astragalus jaegerianus is
partitioned within populations (Table 8); a value
comparable to that of geographically widespread species.
For instance, this is higher than what Despres et al.
(2002) reports for the geographically widespread European
globeflower. They reported that globally ~64% of the
observed AFLP genetic variation was partitioned within
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populations, but when each of the three regions were 
analyzed separately they found that genetic variation was 
partitioned within populations at 84% for the Alps, 69% for
the Pyrenees, and 74% for the Fennoscandia region.
Regionally, the partitioning of variance for the European
globeflower is similar to what was observed for A.
jaegerianus.
Travis et al. (1996), on the other hand, in their
study of the geographically restricted and endangered
Astragalus cremnophylax var. cremnophylax, found only 27%
of the observed AFLP variation partitioned within
populations. While Juan et al. (2004) found 56% of the
AFLP variation partitioned within populations for the
endangered, but regionally distributed, Medicago citrine.
Thus, Astragalus jaegerianus deviates from other
narrow endemics and more closely aligns itself with
geographically widespread species by having a larger
portion (87%) of its genetic variation partitioned within
populations (see the review by Hamrick et al. 1991).
The high percentage of genetic variation partitioned
within the populations of A. jaegerianus is noteworthy.
All five populations are small, both in area and census
(Table 7). For such a model, we would expect the effects
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of genetic drift to be apparent, with each population
exhibiting low gene diversity and higher FSt coefficients.
But this is not the case, as our data suggests that the
effects of genetic drift are being countered by gene flow
among the populations with implications for the breeding
system employed by the species, which will be discussed
below.
Among Population Genetic Structure
Astragalus jaegerianus possesses significant
population genetic structure within its restricted range.
The spatial arrangement of the five populations in the
field (Figure 1) are geographically aligned linearly in a
southwest to northeast direction (except for Lane Mountain
and Coolgardie populations which lie almost adjacent to
each other on a east-west plane and southwest of the
Prospectors Wash population). This linear juxtaposition of
the populations is reflected in several indices.
For example, Nei's (1987) estimates of unbiased
genetic distances and identities (Table 11) show a pattern
of increasing genetic distance in population pairwise
comparisons from the southwest (Lane Mountain and
Coolgardie populations, 0.0381) to the northeast (Lane
Mountain and Goldstone populations, 0.1004). The genetic
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distances in pairwise comparisons among populations also 
show a significant association with geographical distances 
(Table 12) between populations across the range of the
species (r = 0.823, p<0.01, Figure 9).
Although adjacent populations are more identical than
further removed populations (Table 11), we also see a
pattern in genetic identity coefficients increasing as one
moves from the northeast towards the southwest. Lane
Mountain and Coolgardie populations have the highest
genetic identity index of 0.9626 compared to the pairwise
indices for the other adjacent populations, while being
separated by the smallest geographic distance of
approximately five kilometers (Figure 2 and Table 12). The
largest geographical distance between two adjacent
populations is found between Coolgardie and Prospectors
Wash populations (~14.5 km). These two populations share a
genetic identity of 0.9511, which shows they are the third
most similar adjacent populations rather than the predicted
lowest index of identity based on the geographic distance
separating them. The smallest genetic identity coefficient
(0.9400) between two adjacent populations is found between
Goldstone and Brinkman Wash populations, with only 5.5 km
separating them, or just 0.5 km more than the geographical
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distance separating the Lane Mountain and Coolgardie 
populations. This pattern of genetic identity is also 
visualized in the UPGMA population cluster analysis (Figure 
10), wherein the nodes of the tree pairs populations in the 
same geographical arrangement observed in the field.
Additionally, our estimates of population pairwise Fsr
coefficients (Table 10) also revealed significant
population structure, even though only 13% of the total 
observed genetic variance is partitioned among populations
(Table 8). There is a significant correlation (r = 0.792,
p<0.01; Figure 11) between pairwise Fsr coefficients and the
geographical arrangement of Astragalus jaegerianus, with a
trend in decreasing population differentiation between
adjacent populations from the northeast (Goldstone and
Brinkman population comparison with an Fsr = 0.1123, p<.001)
to the southwest (Lane Mountain and Coolgardie population
comparison with an Fsr = 0.0694, pC.OOl). Pairwise FST
coefficients between adjacent populations show that the
Prospectors Wash and Brinkman Wash populations, separated
by 9.5 km, have the lowest differentiation between two
adjacent populations (Fsr = 0.051, p<0.01), while Goldstone
and Brinkman Wash populations, separated by 5.5 km, differ
the greatest with a FST = 0.112, p<0.001).
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Our FSt coefficients for A. jaegerianus are low
compared to those values reported by Juan et al. (2004) and 
Despres et al. (2002), and suggest substantial gene flow
among the five putative populations. In their study of the
endangered insular Medicago citrine, Juan et al. observed a
global FSt of 0.39, which they attributed to either extreme
low or the absence of gene flow among the three
populations. Medicago citrine is known to be pollinated by
hover flies (Diptera: Syrphidae) and Hymenopterans (bees
and bumblebees). However, they acknowledge that selfing is
just as common as insect-mediated pollination, and in one
population (Columbretes Archipelago) no natural populations
of the insects occur. Thus, for Medicago citrine it
appears high Fst indices are more a function of isolation by
distance with large geographical distances separating the
three archipelagos.
Despres et al. (2002) report a similar FST (0.39) in
their study of genetic variation for the geographically
widespread European globeflower, which also suggests little
to no gene flow among the populations. They attributed the
lack of gene flow among populations to both large
geographical distances between populations (2 to 3252 km)
101
and the limited flying capacity of the short-lived
pollinator (Chiastocheta spp., Diptera: Anthomyiidae).
Alexander et al. (2004), on the other hand, reports a
similar FST (GSi of 0.113) as our FST for Astragalus
jaegerianus, based on inter-simple sequence repeat (ISSR)
markers, for the endangered and narrow endemic Astragalus
oniciformis. They estimated gene flow (Ngn) from the GSt
coefficients between 3.91 to 3.93 migrants per generation,
which they considered to represent a high rate of gene
flow. They compare their GSt coefficient to Travis et al.
(1996) FSt (0.44) for Astragalus cremnophylax var.
cremnophylax, which was generated from AFLP data, to
illustrate the effects of gene flow countering the effects
of genetic drift. Travis et al. estimated gene flow among
the Grand Canyon populations between 0.2 and 0.4 migrants
per generation. Alexander et al. (2004) conclude that the
lack of genetic differentiation among, populations of A.
oniciformis compared to A. cremnophylax var. cremnophylax
is evidence of a high rate of gene flow throughout its
sampled range (eight populations sampled over a range of 
approximately 1600 km2) .
In summary, our data suggests a linear trend from the
northeast to the southwest for decreasing genetic distances
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and increasing genetic identities (Table 11), and
decreasing population differentiation (pairwise Fsr indices,
Table 10); a geographical pattern that is not a result of
chance or random processes (i.e., genetic drift). Mantel
tests for associations between geographical distances
separating the five populations and both population
pairwise comparisons for genetic distances and FST indices
support an isolation by distance model for Astragalus
jaegerianus. Thus, geographic distances between
populations and their spatial arrangement on the landscape
are important factors for explaining the population genetic
structure of Astragalus jaegerianus. But our data also
suggest that differences in gene flow may also play a role
in determining the population genetic structure of this
geographically restricted species.
Gene Flow
Significant gene flow among the five populations of
Astragalus jaegerianus is supported by patterns reflecting
relationships in both the individual cluster analyses
(UPGMA and PCoA), and the global and population pairwise FSt
coefficients. In the individual UPGMA phenogram (Figure
14) and the PCoA individual cluster graph (Figure 15),
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individuals tend to cluster with individuals from the same
population in which they were collected, but both also show
that some individuals cluster with individuals from
adjacent populations.
Additionally, both global and population pairwise FSt
coefficients (global FST of 0.113 and pairwise FST ranging
from 0.051 to 0.232; Tables 9 and 10) support gene flow
among populations. Alexander et al. (2004) reported a
similar FST coefficient (Gsr of 0.113) for the endangered
Astragalus oniciformis, a species with a narrow
distribution but large population sizes. They hypothesized
that the observed lack of genetic differentiation among the
eight sampled populations was evidence for gene flow among
the populations. They reported a high rate of gene flow
(Nein ranging between 3.91 to 3.93) presumably mediated by
insect pollinators. Juan et al. (2004) also reported lower
Fst coefficients (0.185) among populations where insect
pollinators were present and geographical distances were
smaller, while populations occurring on islands devoid of
hymenopterous pollinators or with large geographical
distances between populations exhibited higher pairwise FSt
coefficients (0.348 to 0.548) indicating lower rates of
gene flow.
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Even limited amounts of gene flow can have a
homogenizing effect on population structure by overcoming
or moderating the effects of strong genetic drift (Nei
1978). Juan et al. (2004) observed that one small,
isolated population within the Ibiza Archipelago deviates
from the other populations by exhibiting a low genetic
diversity of 0.068 compared to the other three populations
(gene diversity ranging from 0.093 to 0.134), and
attributed this to its geographical isolation from the
other populations. They found that the other three
populations clustered together in their PCoA pictogram
without any clear geographical pattern, which they
attributed to high levels of gene flow and outcrossing.
The clustering of the one small population by itself was
attributed to isolation and lack of gene flow. Richards et
al. (1999) in their study on the effects of floral density
on gene flow observed that even limited amounts of gene
flow between populations can stabilize a population
(counter the effects of genetic drift) and reduce the level
of genetic differentiation among populations.
Our data suggest a breeding strategy, a concept which
was brought up earlier, for the endangered Astragalus
jaegerianus that includes pollinator mediated gene flow
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among the five putative populations. Most members within 
the Papilionoideae are known to have showy, perfect
(composed of both male and female sexual organs) flowers, 
which typically attract pollinators. However, breeding 
systems vary within the Papilionoideae from obligate
selfers (fertilization among or within flowers on the same
plant) to obligate outcrossers (cross pollination between
flowers from different plants), with some, including
Astragalus, species capable of both (Juan et al. 2004;
Kalin Arroyo 1978). Based upon floral morphology we can
speculate that Astragalus jaegerianus is capable of both
outcrossing and selfing (a facultative outcrosser) but, as
mentioned before, little is actually known of the
reproductive biology of this species. However, the pattern
of genetic diversity within populations scaling with
population density can be interpreted as being consistent
with the hypothesis that this species is indeed a
facultative outcrosser.
Outcrossing is supported by a global estimate of Fst —
0.133 (Table 9), and by low, but significant, population
pairwise genetic differentiation (Fsr indices, Table 10).
Our assertion that A. jaegerianus is a facultative
outcrosser is supported by the Alexander et al. (2004)
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study, wherein they conclude that the high rate of observed 
gene flow (Fsr-derived Nya of 3.91 to 3.93) among
populations of Astragalus oniciformis is presumably
mediated by pollinators. These Neill values are similar to 
our Fs;r-derived values of Ngin for adjacent populations
(Table 13) of A. jaegerianus. Juan et al. (2004) also base
their observed low FSt coefficient between the Ibiza and
Columbretes Archipelagos on pollinator mediated gene flow
among the populations.
Loveless and Hamrick (1984) and Hamrick and Godt
(1990) suggest (based on the allozyme literature) that a FSt
of ~0.2 indicates outcrossing, while a FST of ,~0.5 indicates
selfing in plant species. They base this on the hypothesis
that outcrossing would typically increase the probability
that any two uniting gametes within a population are not
identical by descent, which would increase a species
effective population size (Ne) and reduce genetic
differentiation among populations.
There is a significant negative correlation between
number of migrants per generation and geographical distance
(r = -0.671, p<0.05) across the range of Astragalus
jaegerianus, such that gene flow decreases with increasing
geographical distance between populations. Yet when
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considering adjacent pairs of populations, we see a trend
in number of migrants exchanged per generation that does
not associate with geographical distances. For instance,
the estimated number of migrants (Table 13) per generation
exchanged between Goldstone and Brinkman Wash populations
is half of the estimated number of migrants exchanged
between the other four populations. Yet, the geographic
distance between Goldstone and Brinkman Wash populations is
only 5.5 km, whereas the geographic distances between the
other four adjacent populations range from 5 km to 14.5 km
(Table 12). This reduced estimation of gene flow per
generation may partially account for the greater population
differentiation between Goldstone and Brinkman Wash
populations (FSt — 0.112), while for other adjacent
population pairwise comparisons Fst indices range between
0.051 to 0.069 (Table 10) .
Richards et al. (1999) found that both geographic
distance and population density interact to affect the rate
of gene flow between populations. The floral/plant density
of the Goldstone population may dilute the effects of
migration that may be occurring into the Goldstone
population. Since each individual plant can receive pollen
from multiple sources in the denser populations, each plant
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receives more pollen from its nearest neighbors than pollen 
from a migrant source. Although the Goldstone population 
is the smallest in both census numbers and acreage, it does
possess the highest plant density of the five populations 
(0.43 plants per acre, Table 7). Roll et al. (1997)
experimentally demonstrated that pollinator visitation at
flowers increases as floral density increases within a 
population. For populations with high floral densities, 
pollinator visits are high but mean flight distances are
shorter. Thus, in high density populations, plants receive
more pollinator visits than plants in lower density
populations, which increases the effective local pollen
pool of high density populations, while diluting the
effects of migrant pollen (Juan et al. 2004; Bateman 1947).
Our data also suggest that Astragalus jaegerianus is
capable of selfing as well as outcrossing. Within high
density populations, the milk vetch may rely on outcrossing
facilitated by one or more pollinators, and we would
predict greater gene diversity within those populations and
less population genetic differentiation among adjacent
populatons due to gene flow. Where selfing increases in
low plant density areas, we would predict lower gene
diversity with greater population genetic differentiation
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among adjacent populations due to inbreeding and the
absence of gene flow.
Across the range of Astragalus jaegerianus, we found
levels of gene diversity similar to geographical widespread
species, a global FST coefficient indicative of both
significant population genetic structure, and the
partitioning of genetic variation predominantly within
populations - all of which supports A. jaegerianus's as a
facultative outcrosser with pollinator mediated gene flow.
The association of gene diversity and population density is
also congruent with both outcrossing and selfing, with less
dense populations having a higher proportion of selfers.
In our case, this also explains why gene diversity is not
associated with population size. This is significant as
normally population size and genetic diversity are linked
(Despres et al. 2002; Gaudeul et al. 2000; Fischer and
Matthies 1998). Thus, population density, in addition to
geographic distance and rates of gene flow, partially
predicts the level of genetic variation within a
population, while population genetic structure is explained
by a combination of geographical distances and the rates of
gene flow among populations.
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Conservation Implications
The ultimate goal of conservation biology is to 
conserve species, their populations and genetic diversity,
and their evolutionary potentials.
Within the last ten years, we have seen an increase in
the number of papers addressing the conservation of rare 
and endangered plants from a population genetics analysis
approach. Traditional conservation of plants focused on
ecological and demographic issues, with listings under
protective legislation based on the likelihood of
extinction (Holsinger and Gottlieb 1991).
Our DNA sequence data suggest that the effective
population size for Astragalus jaegerianus is far below the
2001 census population size of approximately 5,000
individuals. Therefore, management efforts should focus on
conserving as many individuals as possible across the range
of the species.
Our AFLP analyses of the levels and distribution of
genetic variation and population structure indicates that
each population of A. jaegerianus is unique from the
others, and each should be conserved. Each population may
present some unique genetic contribution that is locally
adapted to environmental conditions. Although Goldstone is
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the smallest of the five populations, it contains the 
highest gene diversity. But, because of its small size, 
both in acreage and census numbers, it is the most at risk
of the five populations.
We recommended that any pollinators of A. jaegerianus 
be identified, and their reproductive biology considered in 
any conservation plans developed for A. jaegerianus. One 
or more factors of the reproductive biology of pollinators 
may be a limiting factor for the conservation of A. 
jaegerianus and the maintenance of its levels and
distribution of genetic variation and population structure.
For instance, Karron (1987a) recommends that management
plans for rare plant species consider actions to avoid
adverse effects to polylectic bee populations, which are
vulnerable to human disturbances such as pesticide spraying
(grasshopper spraying), and livestock or other impacts
likely to cause collapsing of abandoned rodent burrows
where bumble bees are known to nest.
Lastly, our study provides important baseline data for
monitoring trends in the genetics of Astragalus
jaegerianus. Decreases in population size are likely to
effect levels of genetic diversity and result in
populations becoming more sensitive to environmental
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perturbations. Recent papers, among others, that have
addressed the issue of genetic variation and population
structure in the conservation of rare and endemic plants
include Juan et al. (2004), Gaudeul et al. (2000), Ge et
al. (2005), and Alexander et al. (2004). Rare and endemic
species with small populations that may be isolated from
each other are prone to genetic drift and increased
inbreeding, which can lead to loss of fitness (inbreeding
depression). Genetic variation and its distribution within
and among populations is recognized as the important raw
material of evolutionary and ecological processes in
natural populations (Epperson 1990), and it is the
substance of adaptive evolution to increase the likelihood
of a species' continued existence during stochastic
environmental changes, such as climate, disease, habitat
fragmentation and degradation, and the influx of invasive
species.
Conclusions
The distribution of genetic variation and population
structure across the range of a species is influenced by a
species' demographic history, breeding system, and
dispersal mechanisms. Astragalus jaegerianus is a narrow
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endemic with a restricted geographic range. DNA sequence
data portrays this endangered species has having no genetic 
variation, and a low effective population size. AFLP data,
on the other hand, revealed A. jaegerianus as possessing a 
level of genetic variation more similar to geographical
widespread species than narrow endemic species, and
significant population structure that correlates with its
geographic partitioning in the field. Gene diversity
within each of the five populations range from 0.1905 to
0.2505, with nearly 87% of the total genetic variation
partitioned at the population level. Global FST (0.133,
p<0.01) reveals significant population genetic
differentiation but with only 13.31% of the genetic
variation partitioned among the five populations.
Population pairwise Fsr indices reveal low genetic
differentiation among nearest neighbors, with increasing
differentiation in a southwest to northeast direction. A
Mantel test for association between Nei's (1987) estimates
of unbiased genetic distances among the five populations
and geographical linear distances between populations
revealed a positive correlation (Pearson's r = 0.823,
p<0.01), and supports the hypothesis that partitioning of
genetic variation in A. jaegerianus is correlated with its
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geographical partitioning in the field. High rates of gene
flow is supported between populations. The global FSt 
coefficient together with the strong association between
plant density and gene diversity suggests the species is
capable of outcrossing, with selfing increasing as
population density decreases. Population density partially
predicts the level of genetic variation within a
population, while population genetic structure is
characterized by a combination of geographical distances
and rates of gene flow among populations.
115
APPENDIX A
TABLES
116
Table 1; Sampling strategy for Astragalus jaegerianus. The 
table provides a visual representation of'sampling points 
and sample numbers for each population, approximate 
location of where samples were collected, and the type of 
tissues collected.
Population
Sampling
Point
Sample Size 
(n)
Date of 
Collection UTM Coordinates Tissue Type
Lane Mountain 001 1 6/08/02 115 502024mE; 3882484mN Green
001 4 6/11/02 115 502024mE; 3882484mN Green/Dry
002 2 6/13/02 115 502324mE; 3883049mN Dry
003 4 1/31/03 115 502712mE; 3883932mN Green
003 3 4/10/04 115 502775mE; 3884122mN Green
004 1 4/10/04 115 502880mE; 3884532mN Green
004 2 4/10/04 115 502889mE;3884448mN Green
004 4
n= 21
4/10/04 115 50301 OmE; 3884146mN Green
Coolgardie 001 3 6/13/02 115 497489mE; 3882943mN Dry
002 3 1/31/03 115 498141mE; 3882467mN Green/Dry
003 7 4/10/04 115 497046tnE; 3882758mN Green
004 1 4/10/04 115 497601mE;3882909mN Green
004 1 4/10/04 115 497383mE; 3882724mN Green
004 1 4/11/04 115 497418mE; 3883414mN Green
004 1 4/11/04 115 497752mE; 3883742mN Green
004 1 4/11/04 115 497735mE; 3883800mN Green
004 1 4/11/04 115 497509mE; 3883509mN Green
005 2 4/11/04 115 496791mE; 3883733mN Green
005 1
n = 22
4/11/04 115 496849mE; 3883739mN Green
Prospector Wash 001 6 2/01/03 115 506747mE; 3891611mN Green/Dry
002 4 2/01/03 115 506464mE; 3892935mN Green/Dry
002 6 4/17/04 115 506319mE; 3892751mN Green
003 2 4/13/04 115 504215mE; 3894830mN Green
004 2
n = 20
4/05/04 115 509800mE; 3892940mN Green
Brinkman Wash 001 3 6/13/02 115 515799mE; 3896917mN Dry
002 6 2/07/03 115 516346mE; 3896442mN Green/Diy
003 5 4/24/04 115 511930mE; 3897283mN Green
003 2 4/24/04 115 512025mE; 3897300mN Green
004 2
n=18
4/24/04 115 512485mE; 3897653mN Green
Goldstone 001 10 2/07/03 115 519212mE; 3899271mN Green/Dry
002 10
n = 20
4/05/04 115 519627mE; 3899901mN Green
Total n = 102
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Table 2; Matrix of linear distances between sampling points. Distances are given in 
kilometers.
Samp. Pts. LM-1 LM-2 LM-3 LM-4 CG-1 CG-2 CG-3 CG-4 PW-1 PW-2 PW-3 PW-4 BW-1 BW-2 BW-3 BW-4 GS-1 GS-2
LM-1 ■ 000
LM-2 0.60 000
LM-3 1.70 1.10 000
LM-4 2.32 1.59 0.49 000
CG-1 3.90 4.15 5.00 5.12 000
CG-2 4.63 5.00 5.61 5.85 0.98 000
CG-3 4.63 4.88 5.24 5.36 1.22 0.73 000
CG-4 5.37 5.61 6.10 6.10 1.83 1.08 0.85 000
PW-1 10.24 9.51 8.54 8.05 12.44 12.80 12.07 12.56 000
PW-2 11.22 10.49 9.51 9.02 13.17 13.41 12.68 13.17 1.22 000
PW-3 12.44 11.83 10.85 10.37 13.90 13.90 12.93 13.17 4.15 2.93 000
PW-4 13.05 12.44 11.34 10.98 15.73 16.10 15.37 15.85 3.41 3.54 5.98 000
BW-1 20.00 19.39 18.29 18.05 22.93 23.29 22.56 23.17 10.61 10.37 11.83 7.32 000
BW-2 20.00 19.39 18.29 18.05 22.93 23.29 22.68 23.29 10.85 10.73 12.32 7.32 0.73 000
BW-3 18.17 17.20 16.10 15.73 20.24 20.73 20.00 20.37 7.80 7.20 8.17 4.88 3.90 4.51 000
BW-4 18.41 17.80 16.71 16.34 20.98 21.22 20.49 20.98 8.41 7.80 8.78 5.37 3.41 4.15 0.61 000
GS-1 24.15 23.54 22.44 22.07 27.07 27.32 26.83 27.32 14.88 14.39 15.85 11.34 7.56 4.15 7.56 6.95 000
GS-2 24.88 24.27 23.17 22.93 27.80 28.17 27.56 28.05 15.49 15.12 16.34 12.07 8.17 4.88 8.17 7.56 0.73 000
Table 3; Oligonucleotide primer pairs for the amplification of the nuclear ribosomal 
DNA-18S-5.8S-26S cistron and internal transcribed spacers. Primer pairs are shown 
in their approximate locations with arrows denoting the direction of elongation.
Primers Base Composition Reference
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1406F 5' -TGT ACA CAC CGC CCG T-3'
ITS 1 5’'-TCC GTA GGT GAA CCT GCG G-3'
ITS 2 5’'-GCT GCG TTC TTC ATC GAT GC-3'
ITS 3 5''-GCA TCG ATG AAG AAC GCA AGC-3'
ITS 4* 5''-TCC TCC GCT TAT TGA TAT GC-3'
ITS 5* 5''-GGA AGT AAA AGT CGT AAC AAG G-3'
307 R 5''-TTG GGC TGC ATT CCC A-3'
Bayer et al. 1996. Am. Journal of Botany 83:516-527 
White et al. 1990. PCR Protocols, Acad. Press, San Diego 
White et al. 1990. PCR Protocols, Academic Press, San Diego 
White et al. 1990. PCR Protocols, Academic Press, San Diego 
White et al. 1990. PCR Protocols, Academic Press, San Diego 
White et al. 1990. PCR Protocols, Academic Press, San Diego 
Bayer et al. 1996. American Journal of Botany 83:516-527
ITS 5=>
1406F=> ITS 1=> ITS 3=>
<=ITS 2 <=ITS 4 <=307R
Denotes primer combination for the PCR-amplification of the ITS 1 - 5.8S - ITS 2 region with M-13 tailed primers attached to the 5’ end.
Table 4; Oligonucleotide primer pairs for the amplification of the chloroplast DNA 
trn genes. Primer pairs are shown in their approximate locations for amplifying the 
various DNA sequences with arrows denoting the direction of elongation.
Primers Base Composition Reference
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B48557 5' -CAT TAC AAA TGC GAT GCT CT-3'
A49291 5' -TCT ACC GAT TTC GCC ATA TC-3'
B49317* 5' -CGA AAT CGG TAG ACG CTA CG-3'
A49855 5' -GGG GAT AGA GGG ACT TGA AC-3'
B49873 5' -GGT TCA AGT CCC TCT ATC CC-3'
A50272* 5' -ATT TGA ACT GGT GAC ACG AG-3'
Trn-F 5' -CGA TTC GAT TTC GAT CAC--3'
trn-R 5' -GAT CCA TCA GAC TAT GTT GG-3'
Taberlet et al. 1991. Plant Molecular Biology 17:1105-1109 
Taberlet et al. 1991. Plant Molecular Biology 17:1105-1109 
Taberlet et al. 1991. Plant Molecular Biology 17:1105-1109 
Taberlet et al. 1991. Plant Molecular Biology 17:1105-1109 
Taberlet et al. 1991. Plant Molecular Biology 17:1105-1109 
Taberlet et al. 1991. Plant Molecular Biology 17:1105-1109 
An internal primer of our design for sequencing 
An internal primer of our design for sequencing
B48557=> B49317=> B49873=>
<=A49291 <=A49855 <=A50272
* Denotes primer combination for the PCR-amplification ofthetmL intron and 3 ’exon, andthetmL-F intergenic spacer with M-13 tailed primers attached to the 5’ end of the sequence.
Table 5; AFLP primer pairs and number of markers (bands) 
scored for each primer pair. All unambiguous bands 
between molecular weight standards 50 and 500 were scored.
Primer Pair Total bands Scored Number of Polymorphic Bands
M-CAC-E-ACT 68 47
M-CAC-E-ACC 90 79
M-CAC-E-ACA 118 98
M-CAC-E-AGC 84 66
Total: 360 290
Table 6; AFLP reproducibility results. Results of trials 
conducted to test for reproducibility of banding patterns 
in a subset of Astragalus jaegerianus samples. Each primer 
pair was tested twice using five randomly chosen
accessions. Once with the reactions derived from a common 
master mix, and secondly with each accession's duplicate 
reaction derived from a separate master mix.
Reaction
Primer
M-CAC-E-ACA
Primer
M-CAC-E-ACT
Primer
M-CAC-E-AGC
Primer
M-CAC-E-ACC
Average
Same master mix 0.66% 0.00% 0.48% 2.3% 0.61%
Separate master mix 5.1% 9.85% 10.7% 13.1% 9.69%
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Table 7; Descriptive statistics for Astragalus jaegerianus. Descriptive
statistics describing genetic variability include the proportion of polymorphic loci 
(P) among all AFLP markers scored,' the number of AFLP phenotypes for each population 
with the number of individual studied in parentheses, Nei's index of genetic 
diversity, and the range (based on pairwise comparisons of the individuals in each 
population) of Nei & Li's (1979) genetic similarity (with mean and standard
deviation) within each population. Populations are arranged by geographical 
arrangement from southwest to northeast. Population sizes are simple estimates 
taken from the Department of the Army's 2001 survey (Kearns 2002).
Sample Pop. Pop.1 Pop.2 No. of AFLP Gene Diversity Genetic Similarity
Population Size Size Range Density P(%) phenotypes Mean std. dev. Range Mean std. dev.
Lane Mountain 10 20143 9775 0.21 55.8 10(10) 0.1905 0.2008 0.7198-0.8176 0.7724 0.0247
Coolgardia 10 55.5 10 (10) 0.1910 0.2012 0.7105-0.8333 0.7760 0.0320
Prospectors W. 10 1667 4794 0.38 68.3 10(10) 0.2316 0.2014 0.5838-0.8211 0.7316 0.0640
Brinkman W. 9 1487 5497 0.27 65.5 9(9) 0.2283 0.2036 0.6502-0.8446 0.7425 0.0598
Goldstone 10 555 1283 0.43 70.0 10(10) 0.2505 0.2004 0.6230-0.8242 0.7502 0.0492
1 Kearns’ (2002) report; total acreage in the population polygon.
2 Stated as plants per acre.
3 Kearns’ (2002) report considered the Lane Mountain and Coolgardie populations as one population (Coolgardie Mesa).
Table 8; Analysis of Molecular Variance (AMOVA) explained 
for two hierarchical levels (among populations and within 
populations).
Source of variation d.f.
Sum of 
squares
Variance
components
Percentage 
of variation
Among populations 4 343.516 5.26513 13.31
Within populations 44 1509.300 34.30227 86.69
Total 48 1852.816 39.56741
FST = 0.133, p< 0.00001
Table 9; Global Fixation Indices for Astragalus jaegerianus 
derived via three different software programs.
Program Fsr Gst ^ST
AMOVA
TFPGA
POPGENE
0.1331 (p<0.05)
0.1797
0.1735 (95% CI)
Table 10; Population pairwise Fst derived via AMOVA. 
Pairwise FST estimates are below the diagonal, while p- 
values are above the diagonals. Populations are arranged 
geographically from southwest to northeast. Indices on the 
diagonal (in bold)are the values for adjacent populations
Population Ln. Mtn. Coolg.
Prosp.
Wash
Brinkm.
Wash Goldstone
LaneMtn. ****** 0.00000 0.00000 0.00000 0.00000
Coolgardie 0.06941 ****** 0.00033 0.00000 0.00000
Prospectors W. 0.10482 0.07178 ****** 0.00298 0.00000
Brinkman W. 0.15990 0.12965 0.05102 ****** 0.00000
Goldstone 0.23233 0.21408 0.13266 0.11228 ******
p<0.01 for all comparisons (1024 permutations)
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Tables 11; Nei’s (1978) estimates of unbiased genetic 
Identities/Distances. Genetic distances are below the 
diagonal, while genetic identities are above the diagonal. 
Populations are arranged from southwest to northeast.
Population Lane Mtn. Coolgardie Prospectors W. Brinkman W. Goldstone
LaneMtn. ***** 0.9626 0.9477 0.9336 0.9045
Coolgardie 0.0381 ***** 0.9511 0.9343 0.9116
Prospectors W. 0.0537 0.0501 ***** 0.9589 0.9381
Brinkman W. 0.0687 0.0680 0.0420 ***** 0.9400
Goldstone 0.1004 0.0926 0.0639 0.0619 *****
Table 12; Matrix of Linear Distances between Populations. 
Linear distances between populations (as measured from an 
approximated center between each population's sampling 
points. Distances are given in kilometers.
Populations LaneMtn. Coolgardie Prospectors W. Brinkman W. Goldstone
Lane Mtn. 0.00
Coolgardie 5.00 0.00
Prospectors W. 10.50 14.50 0.00
Brinkman W. 18.00 23.00 9.50 0.00
Goldstone 23.00 27.50 14.50 5.50 0.00
Table 13; Matrix of estimated numbers of migrants (m) 
exchanged between populations per generation (arranged from 
southwest to northeast).
Population LaneMtn. Coolgardie Prospectors W. Brinkman W. Goldstone
LaneMtn. ****
Coolgardie 3.352 ****
Prospectors W. 2.135 3.233 ****
Brinkman W. 1.314 1.678 4.650 ****
Goldstone 0.826 0.918 1.635 1 977 ****
Assumptions: 1) two populations of size N exchange m migrants each generation.
2) mutation rate is negligible as compared to the migration rate (m). 
Relationship at equilibrium between migration and drift: Fsr= + 1)
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Figure 1; Range map of Astragalus jaegerianus with the five populations delineated. The 
map of California shows the approximate location of the study site.
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Figure 2; Map location of southern populations and sampling 
points. The map displays the approximate boundaries of the 
Lane Mountain, Coolgardie, and Prospectors Wash populations
(--- dashed lines). Sampling locations are shown as blue
triangles, and listed in Table 1.
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Figure 3; Map locations of northern populations and 
sampling points. The map displays the approximate 
boundaries of the Prospectors Wash, Brinkman Wash, and
Goldstone populations (--- dashed lines). Sampling
locations are shown as blue triangles, and listed in Table 
1.
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Figure 4; Electrophoretic gel image of high molecular 
weight DNA extracted from Astragalus jaegerianus. The 
bands just below the wells are the high molecular weight
DNA. The tear-shaped smears are indicative of RNA. I
!
t
I
IjI
I
129. -i. ■■ ■ i
. ' ■ ; j
I n
t 1 L - T*
■ co a gi© a IS cc? ffi c& rf3 
___ ,——------------- --———•—
Figure 5; Electrophoretic gel image of genomic DNA ' 
digestion with endonucleases Msel and EcoRl. Complete 
digestion of the genomic DNA has occurred as evidenced by 
the missing high molecular weight band (Figure 3) and the 
presence of smears towards the bottom end each lane.
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Year
Figure 6; Average primer pair combinations used in ' 
published studies using AFLP markers by year of 1 
publication. Forty-three papers from the primary 
literature between 1996 and 2004 were reviewed. The trend 
since the inception of the AFLP technique has been to 
reduce primer pair combinations to an average of four per 
study for statistical and multivariate analyses. •
!i
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Number of Primer Pair Combinations Used in Published 
Studies
I
Figure 7; The frequency of primer pair combinations tsed in 
forty-three published studies using AFLP markers between 
1996 and 2004. The graph clearly demonstrates that Jthree 
and four primer pair combinations are the most commonly 
used for generating a large number of putative loci ton 
which to base statistical and multivariate analyses.;
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Figure 8; Electrophoretic gel image of pre-amplification 
product. The gel verifies that a smear of fragments in the 
size range of less than 50 bp to approximately 1500 bp were 
amplified using five micro-liters of a 1:10 dilution of the 
digested genomic DNA (Figure 4) and EcoRl and Msel primers.
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Figure 9; Mantel test for isolation by distance using Nei's 
(1987) estimates of unbiased genetic distances and 
geographical linear distances among populations (in 
kilometers). A significant positive correlation(r = 0.823, 
p<0.01) between genetic distance and geographic distance 
supports an isolation by distance model for the populations 
of Astragalus jaegerianus.
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Figure 10; UPGMA cluster analysis using Nei's (1978) 
unbiased genetic distances to illustrate relationships 
among the five populations of Astragalus jaegerianus. 
Values above the nodes are bootstrap values (proportion of 
1000 permutations supporting the node), and values below 
the node are proportion of loci (290) supporting the node.
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iFigure 11; Mantel test for correlation between 
geographic distances and population pairwise FSt' 
indices. The graph illustrates the positive 
association between both variables, such that as 
geographic distances among populations increases, 
population differentiation also increases. This also 
illustrates that putative populations of Astragalus 
jaegerianus follow an isolation by distance model.
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Figure 12; Mantel test for correlation between
geographic areas of populations and population gene 
diversity indices. The graph illustrates the negative 
association between both variables, such that as the 
geographic area of the populations increases, gene 
diversity decreases. This trend is opposite of the 
expectation that gene diversity would increase as 
population area increases.
I
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Figure 13; Mantel test for correlation between 
population density and gene diversity indices. The 
graph illustrates the positive association between 
both variables, such that as plant density increases, 
gene diversity also increases. This is an important 
statistic for Astragalus jaegerianus, as it is 
atypical for what is usually observed in plant 
populations, namely that gene diversity is positively 
correlated with population size.
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Figure 14; Unrooted UPGMA phenogram displaying the genetic relatedness of the 49 
individuals subjected to AFLP analysis. The tree's topology is based on a pairwise 
comparison of genetic distances between all 49 individuals.
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Figure 15; PCoA cluster plot of first and second Euclidean distance eigenvectors 
based on AFLP fingerprints. The plot displays the apportionment of genetic 
variation, with Goldstone accessions accounting for greatest amount of genetic 
variation, and the Coolgardie and Lane Mountain populations accounting for the 
least.
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George Walker
From:
Sent:
To:
Subject:
TOPO [TOPO@ngs.org] 
Thursday, April 28, 2005 3:13 PM 
gfwalker@earthllnk.net 
RE: contact us
Thank you for your email. It won't be a problem to use our maps in your diesis. Thanks for checking.
National Geographic Maps
TOPOl Technical Support
Evergreen, CO
**Please include all previous correspondence with your reply**
----- Original Message-----
From: gfwalker@eaitlilink.net [mailto:gfwalker@eardilink.netj 
Sent: Thursday, April 28, 2005 4:15 PM 
To: TOPO
Subject: contact us
Name: George Walker
E-mail: glwalkcr@earllilink.nel I am completing my Master of Science 
diesis document, and would like permission to use three of National 
Geograpluc's topo maps in my thesis document. It would be a one-time use 
for die thesis. If all right with National Geographic, could you send me 
an email confirmation, which I can place in my diesis to show I 
permission to use your copyright materials? Thank you, George Walker 
Calif. State Univ, San Bernardino
Appendix C; Email from the National Geographic Society 
giving permission for use of their copyrighted maps in the 
software program TOPO!
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DEOXYRIBONUCLEIC ACID SEQUENCES FOR THE
NUCLEAR GENOME
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DNA Sequences for the nrDNA ITS 1-5.8S-ITS 2 Loci
Dots indicate homology to BW-1.____________________________________________________________________________________________________________________________________________
Field # Nucleotide Position 1111111111111111111111111111111
1111111111222222222233333333334444444444555555555566666666667777777777888888888899999999990000000000111111111122222222223
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1
BW-4
BW-5
BW-7
BW-10
BW-11
BW-12
BW-13
BW-14
CG-2
CG-5
CG-6
CG-7
CG-8
CG-9
CG-10
CG-11
CG-12
GS-1
GS-2
GS-4
GS-7
GS-8
GS-10
GS-11
GS-12
GS-13
LM-1
LM-2
LM-3
LM-4
LM-6
LM-7
LM-8
LM-9
LM-10
PW-1
PW-2
PW-3
PW-4
PW-5
PW-6
PW-8
PW-9
PW-10
ASDI-1
ASDI-2
ASDI-16
ASDI-17
ASLA-1
ASLA-4
ASLA-7
TCGATGCCTTACATGCAGACCAACTCGTGAATTTGTTTGAATACATAGGGACGGCACGAGTGTTTTGGCACCACGACCTCCCTTTGGGTAGGAGGGGGTGCGTCCCCCTCATGCCTGAACACAAACCCCG
.A, 
• A.
T................ G
T................ G
T................ G,
T................ G
T................ G
T................ G
T................ G
T
T
T
.A.
.A,
.A,
.A.
.A,
.A,
Field llilllllllllllllllllllllllllllllllimilll 1111111111111111111111111112222222222222222222222222222222222222222222222222222222222222
3333333334444444444555555555566666666667777777777888888888899999999990000000000111111111122222222223333333333444444444455555555556
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1
BW-4
BW-5
BW-7
BW-10
BW-11
BW-12
BW-13
BW-14
CG-2
CG-5
CG-6
CG-7
CG-8
CG-9
CG-10
CG-11
CG-12
GS-1
GS-2
GS-4
GS-1
GS-8
GS-10
GS-11
GS-12
GS-13
LM-1
LM-2
LM-3
LM-4
LM-6
LM-7
LM-8
LM-9
LM-10
PW-1
PW-2
PW-3
PW-4
PW-5
PW-6
PW-8
PW-9
PW-10
ASDI-1
ASDI-2
ASDI-16
ASDI-17
ASLA-1
ASLA-4
ASLA-7
GCGTTCAATGCGCCAAGGAACATAAAATTCGATCAATGCGCCCCGTCGGCCCGGAGACGGTGCTCTGGCGGTGGTGCCTTGTCACATGATACAGAATGACTCTCGGCAACGGATATCTAGGCTCTTGCAT
C...............................A.
C...............................A,
,A.
.A.
.A.
Field 2222222222222222222222222222222222222223333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333
6666666667777777777888888888899999999990000000000111111111122222222223333333333444444444455555555556666666666777777777786888888889
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1 CGATGAAGAACGTAGCGAAATGCGATACTTGGTGTGAATTGCAGAATCCCGTGAACCATCGAGTCTTTGAACGCAAGTTGCGCCCGAAGCCATCAGGTTGAGGGCACGTCTGCCTGGGCGTCACATATCG
BW-4 ............ ................................................................................................. . .......................................................,....................................................................................................*.................................................................................................
BW-5 . ................................................................................................................ ..........................................................................,......................................................................................................................................................................................
BW-7 ...................... ................................................ ................................... .. ............................................... .. ....................................................................... .. ............................................................................
BW-10 .................................................................................................................................. .. ...................................................... .. .....................................................................................................................................................................................
BW-11 ............................................................................ •................................ ..................................................................................... ................................................................. ..................................... .......................................................................
BW-12 ................................................................ ............................................................................ ...................................................'...............................................................................................................................................................................
BW-13 ................................................................ ............................... ...............................................................................................................................................................................J.........................................................................................
bw-14 " ".............. ............................... ...............................................................................:.................;.................. ................ f..................... ..................... .
CG-2 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-5 ........................................................... .. ................................................... .. .............................................................. .. .............................................................................................................................................................................................
CG-6 .................................................................................................................................................................................................................................................................................... .. ............................................................................................
CG-7 ..............................................................'........................................... ................ ....................................... ......................... . ...................................................................................................................................................................................
CG-8 ........................................................ ........................................;..........................................................•...................... .................................................................... ............................................................................................................. .
CG-9 ............................................................................................. .................................... . ............ i...................... ..................... . ................. :
CG-10 ................................................................................................ .. ..........................................................1............................... ...............................................................................................................................................................................
CG-11 .....................................................................*.......................................:....................................... ....................................... ..................................................................................................................................................................................
CG-12 ..............................................................................................................V...................................................................................................................................................... .. .......................................................................................................
GS-1 ............................................................................................. .. ................................................................................................ .. ........................................................................................................................... ...................................................
GS-2 ..................................................................................:.................................;....................;...........................................'........................................ .. ..
GS-4 ............................................................................................................................... ...................................................................................................................................................................................................................................................
GS-7 .................................................................................................... ............................................................................... ............................................................... .....................................................................................................................
GS-8 ............................................... ........................................ ............................................................................................. ..:...............................................................
GS-10 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-11 ..................................................................................................................................................................................................................................................................................................................................... ..............................................
GS-12 ................................................................................................ .................................. ...................................................................................................................................................................................................................... .........................
GS-13 ............................................................................................................................................. .....................................................................................................................................................................................................................................
LM-1 ................................................................ .............. ....................................................................................................................................................................................................................................................................... ............................
LM-2 ...................................................................... ............................................................................................................................................................................................................. ................... ...............................;........................................
LM-3 ............................................................................... .. .................................................................................................................................................................................................................................................................................................
LM-4 . .................................................................. ................................................................................................... .. ........................................................................................................................................................ ..............................................
LM-6 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-7 .................................................................................................................................................................... ..............................................................................................................................................................................................................
lm-8 .................. ;.............................................................................................................................................................................................................................................................................
LM-9............................................................................................................... ................................................................................................................................................................................. .................................................................................................
LM-10' ............................................................................................. .. ...................................................................................................................................... .. .........................................................................................................................................
PW-1 „ .............................................................................................................................................................................................................................................................................................................................................................................
PW-2 ...................................... .. .......................................................................................................................................................................................................................................................................................................................................
PW-3 ....................................................................................... ...........................................................................................................................................................................................................................................................................................
PW-4 ............................................................................................................................ .. ..... ............................................................................................................ .......................................................................... .. .............................................
PW-5 ......................................... .......................................................................................................................................................................................................................................................................... ,..............................................................
PW-6 ......................................................................... ............................................................................... .. .......................................................................................................................................................................................................................
pw-8 ................................................................................................................................ ..............................................................................................................................................................
PW-9 ................................... ....................................................................................................................................................................................................................................................................................................... ........................................
PW-10 ................................................................................................ ................................................................................................ ........................................................................................... ......................................................................................
ASDI-1 .................................................................................... ..............................................................................................................................................................................................................................................................................................
ASDI-2 ............................................................................................................................................................................................................... ................................................................. .. ........
ASDI-16 ................................... .. ....................................................................................................................................................... .....................................................................................................................................................................................
ASDI-17 ............................. . .......................................................................................................................................... .. ......................................................................................................................................................................................................
ASLA-1 .................................................................................................................................................................................................................................................................................................................................................................................
ASLA-4 ........................................................................................................................................................................................................................................................................ ..........................................................................................................
ASLA-7 ............................. ...........................................*................................................................................................ .. ...................................................................................................................................................... i..................................
Field 3333333334444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444555555555555555555555
9999999990000000000111111111122222222223333333333444444444455555555556666666666777777777788888888889999999999000000000011111111112
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1
BW-4
BW-5
BW-7
BW-10
BW-11
BW-12
BW-13
BW-14
CG-2
CG-5
CG-6
CG-7
CG-8
CG-9
CG-10
CG-11
CG-12
GS-1
GS-2
GS-4
GS-7
GS-8
GS-10
GS-11
GS-12
GS-13
LM-1
LM-2
LM-3
LM-4
LM-6
LM-7
LM-8
LM-9
LM-10
PW-1
PW-2
PW-3
PW-4
PW-5
PW-6
PW-8
PW-9
PW-10
ASDI-1
ASDI-2
ASDI-16
ASDI-17
ASIA-1
ASIA-4
ASIA-7
TTGCCCGATGCCTATTGCAGTGCAATAGGAATTTCTAGGGCGAATGATGGCTTCCCGTGAGCATTGTTGCCTCGCGGTTGGTTGAAAATCGAGTCCTTGGTGGGGTGTGCCATGATAGATGGTGGTCGAG
. . . .T.................. ....................... T. , .............................G.................................... ............C..................................................................................
,....T.................. ....................... T. , .............................G.................................... ............C..................................................................................
. . . .T.................. ........................T, , ............................ G.................................... ............c..................................................................................
. . . .T.................. ....................... T.. ............................ G.................................... ............c..................................................................................
...............A. .C............ ..................T.... . .T.......................... ...............................G.................................... ...................................T.............
...............A..C... . ..................T.. . , , .T.......................... , .............................G,................................. ...................................T.............
...............A. .C............ ..................T..., . .T.......................... ...............................G.................................... ...................................T.............
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Field 555555555555555555555555555555555555555555555555555555555555555555555555555  
222222222333333333344444444445555555555666666666677777777778888888888999999  
123456789012345678901234567890123456789012345678901234567890123456789012345
BW-1
BW-4
BW-5
BW-7
BW-10
BW-11
BW-12
BW-13
BW-14
CG-2
CG-5
CG-6
CG-7
CG-8
CG-9
CG-10
CG-11
CG-12
GS-1
GS-2
GS-4
GS-7
GS-8
GS-10
GS-11
GS-12
GS-13
LM-1
LM-2
LM-3
LM-4
LM-6
LM-7
LM-8
LM-9
LM-10
PW-1
PW-2
PW-3
PW-4
PW-5
PW-6
PW-8
PW-9
PW-10
ASDI-1
ASDI-2
ASDI-16
ASDI-17
ASLA-1
ASLA-4
ASLA-7
TTAGCACAATACCGATCGTGCGCATGCTCCCCAAAATATGGCCTCTATGACCCACACACGTCTTTTGACGCACAT
G
G
G
G
G
T. . .T 
T. . .T 
. . . .T 
. . . .T 
. . . .T 
. . . .T 
. . . .T
TG.................................G. . . .
TG................................ A. . . .
TG.................................G. . . .
TG.......................................A. . .A
TG..............................................
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DNA Sequences for the cpDNA tmL intron and the tmL-F Intergenic Spacer
Dots indicate homology to BW-1.__________________________ _____ ____________________________________________________________________________________________________________
Field # Nucleotide Position 1111111111111111111111111111111
1111111111222222222233333333334444444444555555555566666666667777777777888888888899999999990000000000111111111122222222223
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1 ATTGGATTGAGCCTTGGTATGGAAACTTACCAAGTGAAAACTTTCAAATTCAGAGAAACCCTGGAATTCACAATGGGCAATCCTGAGCCAAATCCTGCTTTCCGAAAACAAAAAAATAAAAGTTCAGAAA
BW-4 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-5 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-7 .......................................................................................................................................................................................................................................................................................... .........................................................................................
BW-10 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-11 .................................................................................... ..................................................................................... .. ......................................................................................................................................................................................................
BW-12 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-13 ............................................................................................................................................................,....................................................................................................................................................................................................................
BW-14 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-2 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-5
CG-6 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-7 ................................................................................................................................................................................................................................................................................................................................................................................
CG-8 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-9 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-10 ..............................................................................................................................................................................................................................................................................................................A.................................................................
CG-11 .............................................................................................................................................................................................................................................................................................................. .....................................................................
CG-12 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-1 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-2 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-4 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-7 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-8 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-10 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-11 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-12 ............................................................................................................................ ......................................................................................................................................................................................................................................................
GS-13 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-1 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-2 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-3 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-4 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-6 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-7 ........................................................................................................ ..........................................................................................................................................................................................................................................................................
LM-8 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-9 ........................................................... ........................................................................................................................................................................................................................................................................................................................
LM-10 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-1 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-2 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-3 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-4 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-5 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-6 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-8 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-9 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-10 ...................................................................................................................................................................................................................................................................................................................................................................................
ASDI-1 .......................................................................................................................................................................................................................... ........................................................................................................................................................
ASDI-2 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-8 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-16 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-17 ...................................................................................................................................................................................................................................................................................................................................................................................
ASLA-1 .................................................................................................................................................................................................................................................................................................................................................................................
ASLA-4 ...................................................................................................................................................................................................................................................................................................................................................................................
ASLA-7 ................................................................................................................................................................................................................................................................................................................................................ .. ...............................
Field 1111111111111111111111111111111111111111111111111111111111111111111112222222222222222222222222222222222222222222222222222222222222
3333333334444444444555555555566666666667777777777888888888899999999990000000000111111111122222222223333333333444444444455555555556
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-l
BW-4
BW-5
BW-7
BW-10
BW-11
BW-12
BW-13
BW-14
CG-2
CG-5
CG-6
CG-7
CG-8
CG-9-
CG-10
CG-11
CG-12
GS-1
GS-2
GS-4
GS-7
GS-8
GS-10
GS-11
GS-12
GS-13
LM-1
LM-2
LM-3
LM-4
LM-6
LM-7
LM-8
LM-9
LM-10
PW-1
PW-2
PW-3
PW-4
PW-5
PW-6
PW-8
PW-9
PW-10
ASDI-1
ASDI-2
ASDI-8
ASDI-16
ASDI-17
ASLA-1
ASLA-4
ASLA-7
gttcaaattggataggtgcagagactcaatggaagctgttctaacaaatggagttgacaacattaacatttcctttcgcagtaggaaatgaatccttctata
.A.
.A.
,A.
.A.
.A,
.A.
,A.
.A.
AAAATTCCAGAAAGGATCAAG
AACTATA..........................................................
AACTATA..........................................................
AACTATA..........................................................
Field 2222222222222222222222222222222222222223333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333
6666666667777777777888888888899999999990000000000111111111122222222223333333333444444444455555555556666666666777777777788888888889
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1 GATAAACATATATATGTTTATATATATTTACTGAAATACTATTTCAGTTGATTAATGAAAATTACAAACTTATTTTTGGAAATATTTCGATTCGATTTCGATCACAAAAGATGTGAATCAAATGAATTCC
BW-4 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-5 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-7 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-10 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-11 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-12 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-13 .......................................................................................................................................................................................................................................................... ................................. .. ...................................................................................
BW-14 ...................................................................................................................................................................................................................................................................................................................................................... .. .........................
CG-2 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-5 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-6 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-7 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-8 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-9 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-10 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-11 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-12 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-1 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-2 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-4 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-7 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-8 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-10 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-11 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-12 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-13 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-1 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-2 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-3 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-4 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-6 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-7 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-8 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-9 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-10 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-1 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-2 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-3 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-4 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-5 ...................................................................................................................................................................................................................................................................................................................................................................................
PW-6 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-8 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-9 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-10 ...................................................................................................................................................................................................................................................................................................................................................................................
ASDI-1 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-2 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-8 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-16 ............................................................................................................................................................................................................................................................................................................................................................................... T
ASDI-17 ................................................................................................................................................ .. ............................................................................................................................................................................................................................ T
ASLA-1 ..................................................................................................................................................................................................................................................................................................................................................................................
ASLA-4 ..................................................................................................................................................................................................................................................................................................................................................................................
ASLA-7 ..................................................................................................................................................................................................................................................................................................................................................................................
Field 3333333334444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444555555555555555555555
9999999990000000000111111111122222222223333333333444444444455555555556666666666777777777788888888889999999999000000000011111111112
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1 AACTTGAAGAAAAAATGTAATATTCATTGATCAAATCAGTCACTCCAACATAGTCTGATGGATCTTTTGAAGAAATGATTAATCAGACGAGAATAAAGATAGAGTCCCATTCTACATGTCAATACCGACA
BW-4 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-5 .......................................................................................................................................................................................................................................................... ........................................................................................................................
BW-7 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-10 .............................................................................................................................................................................................................................................................................. .. .................................................................................................
BW-11 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-12 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-13 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-14 ................................................................................................................................................................................................................................................................................................................................................ ..................................
CG-2 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-5 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-6 .......................................................................................................................................................................................................................................................... .. .....................................................................................................................
CG-7 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-8 ..................................................................................................................................................................................................................................................................................................................................................................................
CG-9 .................................................................................... .................................................................... ,........................................................................................................................................................................................................................
CG-10 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-11 ...................................................................................................................................................................................................................................................................................................................................................................................
CG-12 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-1 ...................................................................................................................................................................................................................................................................................................................................................................................
GS-2 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-4 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-7 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-8 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-10 ................................................................................................................................................................................................................................... ...............................................................................................................................................
GS-11 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-12 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-13 ...................................................................................................................................................................................................................................................................................................................................................................................
LM-1 .............................................................................. ....................................................................................................................................................................................................................................................................................................
LM-2 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-3 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-4 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-6 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-7 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-8 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-9 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-10 .................................................................................................................................................................................................................... ..............................................................................................................................................................
PW-1 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-2 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-3 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-4 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-5 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-6 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-8 ................................................................................................................................................................................................................................................................................................................................................................................
PW-9 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-10 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-1 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-2 ..............................................................................................................................................................................................................................................................G
ASDI-8 ..............................................................................................................................................................................................................................................................G
ASDI-16 ..............................................................................................................................................................................................................................................................G
ASDI-17 ..............................................................................................................................................................................................................................................................G
ASLA-1 ...............................................................................................................................................................................................................................................................
ASLA-4 ..............................................................................................................................................................................................................................................................G
ASLA-7 ...............................................................................................................................................................................................................................................................
Field 5555555555555555555555555555555555555555555555555555555555555555555555555555555666666666666666666666666666666666666666666666666666
2222222223333333333444444444455555555556666666666777777777788888888889999999999000000000011111111112222222222333333333344444444445
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890
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BW-1 CCAATGAAATTTTTAGTAAGAGGAAAATCCGTCGACTTTAGAAATCGTGAGGGTTCAAGTCCCTCTATCCCCAAAAGCCCCTATTATTCTCTAATTTTTTATCCTATATCCTCTTTTTTTTTT AGTT
BW-4 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-5 ........................................................................................................................................... ..  ............................................... .............................
BW-7 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-10 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-11 ..................................................................................................................................................................................................................................................................................................................................................................................
BW-12 ...................................................................................................................................................................................................................................................................................................................................................................................
BW-13 ................................................................................................................................................... .. ............................................................................................................................................................................................................................
BW-14 ................................................................................................................................................ .. ...............................................................................................................................................................................................................................
CG— 2 .............................. .. ....................................... .................................................................  . . ...... i  .............................................................................................................................................. ••••
CG-5 ....................................................................................................................................................................................................................... ...........................................................................................................................................................
CG— 6 ........................a......................................................................................................... ....................................... .......................................................................................................................................................... .. .................... aaaa
CG-7 ..................................................................................................................................................................................................................................................................................................................................................................................
CG—8 ........................a........................................a................ a . a a....................................................................................................................................................... .. ....................a.......................................................................... aaaa
CG-9 ..................................................................................................................................................................................................................*...............................................................................................................................................................
CG-10 ..................................................................................................................................................................................................................................................................................................................................................................................
CG-11 ..................................................................................................................................................................................................................................................................... .............................................................................................................
CG-12 ........................................................................................................... .......................................................................................................................................................................................................................................................................
GS-1 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-2 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-4 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-7 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-8 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-10 .................................................................................................................................................................................................................................................... .. ...........................................................................................................................
GS-11 ..................................................................................................................................................................................................................................................................................................................................................................................
GS-12 ................................................................ ................................................................................................................................................................................................................................................................................................................
GS-13 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-1 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-2 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-3 ...................................................................... .............................................................................................................................................. .............................................................................................................................................................
LM-4 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-6 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-7 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-8 ..................................................................................................................................................................................................................................................................................................................................................................................
LM-9 ....................................................................................................................................................................... ............................................................................................................................................................ .............. .. .............................
LM-10 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-1 .................................................................................................................................. .............................................................................................................................................................................................................................................
PW-2 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-3 ........................ .. .......................................................................................................................................................................................................................................................................................................................................................
PW-4 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-5 ......................................................................................................................... .........................................................................................................................................................................................................................................................
PW-6 ..................................................................................................................................................................................................................................................................................................................................................................................
PW-8 ............................................................................................................................................................................................................................. .....................................................................................................................................................
PW-9 ................................................................................................................................................................................................................................................................................................................................................................................
PW-10 ..................................................................................................................................................................................................................................................................................................................................................................................
ASDI-1 ...................................................................... T.........................................................................................................................................................................................................................................................TT
ASDI-2 .................................................................................................. T.........................................................................................................................................................................................................................................................TT
ASDI-8 .................................................................................................. T.........................................................................................................................................................................................................................................................TT
ASDI-16 ................................................................................  TTT
ASDI-17 ............................................................................................................................................................................................................................................................................................................................................................... TTT
ASLA-1 ..............................................................................................................................................................................................................................................................................................................................................................T
ASLA-4 ........................................................................................................................................................... ..................................................................................................................................................................................................T
ASLA-7 ..............................................................................................................................................................................................................................................................................................................................................................T
Field 6666666666666666666666666666666666666666666666666 
5555555556666666666777777777788888888889999999999 
1234567890123456789012345678901234567890123456789
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BW-1 GACATAGACTCAACTAATTTCTTAAAATGAGGATAGTGCCTCAAGAATG
BW-4 ...........................................................................................................................................
BW-5 ...........................................................................................................................................
BW-7 ...........................................................................................................................................
BW-10 ...........................................................................................................................................
BW-11 ...........................................................................................................................................
BW-12 ...........................................................................................................................................
BW-13 ...........................................................................................................................................
BW-14 ...........................................................................................................................................
CG-2 ...........................................................................................................................................
CG-5 ...........................................................................................................................................
CG-6 ...........................................................................................................................................
CG-7 ...........................................................................................................................................
CG-8 ............................................................................................................................ ..............
CG-9 ...........................................................................................................................................
CG-10 ...........................................................................................................................................
CG-11 ...........................................................................................................................................
CG-12 ...........................................................................................................................................
GS-1 ...........................................................................................................................................
GS-2 ...........................................................................................................................................
GS-4 ...........................................................................................................................................
GS-7 ...........................................................................................................................................
GS-8 ...........................................................................................................................................
GS-10 ...........................................................................................................................................
GS-11 ...........................................................................................................................................
GS-12 ...........................................................................................................................................
GS-13 ...........................................................................................................................................
LM-1 ...........................................................................................................................................
LM-2 ...........................................................................................................................................
LM-3 ...........................................................................................................................................
LM-4 ...........................................................................................................................................
LM-6 ...........................................................................................................................................
LM-7 ...........................................................................................................................................
LM-8 ...........................................................................................................................................
LM-9 ...........................................................................................................................................
LM-10 ...........................................................................................................................................
PW-1 ................................................................... ......................................................................
PW-2 ...........................................................................................................................................
PW-3 .................................................................................. ........................................................
PW-4 ...........................................................................................................................................
PW-5 ...........................................................................................................................................
PW-6 ...........................................................................................................................................
PW-8 ...........................................................................................................................................
PW-9 ...........................................................................................................................................
PW-10 ...........................................................................................................................................
ASDI-1 ...................................................................................G
ASDI-2 ...................................................................................G
ASDI-8 ...................................................................................G
ASDI-16 ...................................................................................G
ASDI-17 ...................................................................................G
ASLA-1 .....................................................................................
ASLA-4 ...................................................................................G
ASLA-7 .....................................................................................
APPENDIX F
AMPLIFIED FRAGMENT LENGTH POLYMORPHISM
DATA SETS
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AFLP markers generated with primers M-CAC-E-ACT
1 - denotes the presence of a band, 0 — denotes the absence of a band. Each column represents a putative 
locus by size ( number of bases composing the restriction fragment).
Field# 444433333332222222222222222222222111111111111111111111
74107542110887776655544432211000099877665444332211100099988877777665  
17076218620608636386485084242964081980319971408474183074294195320424
LM-12
LM-13
LM-I4
LM-15
LM-16
LM-17
LM-18
LM-19
LM-20
LM-21
CG-10
CG-11
CG-12
CG-13
CG-I4
CG-15
CG-16
CG-17
CG-18
CG-19
PW-11
PW-12
PW-13
PW-14
PW-15
PW-16
PW-I7
PW-18
PW-19
PW-20
BW-10
BW-12
BW-13
BW-15
BW-16
BW-17
BW-18
BW-19
BW-20
GS-11
GS-12
GS-13
GS-14
GS-15
GS-16
GS-17
GS-18
GS-19
GS-20
11001101110001110000100110010100100111011010100111101110100110110010
11001100101001110001000100010101000011011000010011101110100110110010  
11001100111001110001000111010101100111011010100011101100100110110011 
11001100111011110000100100010100100011011010110111101110100110110011
11001100110001110000000110010100100011011000100011101110100110110011 
11001100111001110000000110010100100011011010100011101110100110110011 
11001100111001110000100110111101100011011000100111101110100110110010
11001100111001110001000111010101100011011000100111101110100110110010  
11001100011001110001000000000100000011011000100111101110100110110011 
11001100111001110001100111010101100011011010100111101100100110110010
11001100111001110000101111010100100011011000100011101110100110110010 
11001100111001110000100001011100100111011000000111101110100110110011
11001100111001110000100111010100100111011000100111101I10100110110010
11001101111001110001101110010101100011011011110011101110100110110010  
11001100100001110001101110010101100101011000100111101110100110110011 
11001100111011110000101110011101100101011000100011101110100110110011
11001100111001100000100101111100100001011000100011101110100110110010
11001100111001110001000110011100100111011000100011101100100110110010
11001100111011110001100110011101100011011000100011101100100110110010
11001100110001110000100100000101100001011000100111101110100110110010
11001100110001110001101111010101100011011010100011101110101110110011
11001100110001100000101100010100100001011000000111101100101110110010 
11001100111001110001100111011101110101011000111011101110101110110010 
11001100111001110001100110011101110001011000100011101100101110110010
11001100111001110001100111010101100011011011110111101100101110110010  
11001100111011110001100111010101100011011010110011101110101110110011
11001100011011110000100110010101100011011010100011101110100110110010 
11001100111001110100101110110101100011011000110011101110101110110010 
11001101111011111001101111110101100011011000100111101110111110111010 
11001100011011110000100111111101100011011000100011101110100111110011
11001100010001110001000111010101000011011010100111101110100110110010
11001100110001110001001111010111100011011001100111101110111110110010 
IIOOllOOlllOllllOOOOlOOlIOOIOlOlIIOllIOIlOOOlOOllllOIlIOIIllIOllOOII
11001100111001110000100100110110110011011000100011101110111110110011 
11001100111001110001100111010101100111011100100111111101110110110010 liooiiioiiiooiiioooiiooiiooiiioiiooiiioiiiooioooiiiiiiniiomiiioio 
111011101110011100011001110111011000110111001000111111I0110110110010 
11011100111011110001100111011101100011011100100011101110100110110000 
11011100111111110001100110010101100101011010100111101110101110110010 
11001101111101110001101111110101100111011000100011111110111110110011 
11001100111101110001101110011101110111011010100111111110110110110010
11011100011001110001001110010101100011011100100011101 II0100110110011
11011100111001110001000110011101100011011100111011111110101110110010  
11001100010101110001010110011101111011011000100011111100111111110011 
11001100110011110001101110011101111111111100111111111100101110110111 
11011100111001110011100110011111110111011100100011111111111110110011 
11001100110101110001101110011101110111011100100111111110111110110011 
11001100110101110001101111011101110011011100100011111110111111110010 
11001100111111110001101110011111101001011110110011111111101111110011
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AFLP markers generated with primers M-CAC-E-ACC
1 - denotes the presence of a band, 0 - denotes the absence of a band. Each column represents a putative 
locus by size (number of bases composing the restriction fragment).
985543098543332211100999887766655544433221111000999988776655443332111000009999988887777666 
364229163177537586486731747575464193151318641852864142756451986300752974208642075319642631
lm-12 liioooiooioiioiooioooooooiiiiioooioooooooioiiioiiooooiiioiooioioiioiiiioiooiiioiioiionoio 
lm-13 loiiooiooioiionoiooiooooiiiiioinoooooooiooiioioooooiiioiooioioiioiiiionoioioiiononoio 
LM-14 111000100101001101000000011111111111000001110011100011010100101011011110111111011111011010  
LM-15 0010001101010010010000000111H010100000001000100100001100100111010011110010101011011011111 
LM-I6 100000110101101001010000001111010101000001000100100001110100111010011110010111011011011011 
LM-17 looiooiooioiooiooioooooooiniioioioooooooioiiioiiooooiiooiooiiioioiiiiioiioioioiioiioiion 
LM-18 100100100101011001100000011111011110000001011100100011100110111011011100110101011011011010  
LM-19 000100100101101101000000011111011110000001010100100001010100111011011110011111011011011010  
LM-20 000000100100101001000000001110011100000001011111100001000100101010011100011111011011011011  
LM-21 101100110000101001000000011111000110000001011100100011100100101010010110011111011011011010  
CG-10 101100110101101011100000011111110111000001010001100011110101101111011110011111011011011010  
CG-11 000000100101101001001000011111110100000001010101100011100100101010011110011111011011011011  
CG-12 100000100101001001000000001111110101000001000100100111100100101010011110010101011011011011  
CG-13 llllOOllOlOllllOlHOlOOOOOllllllllllOOOOOlllOlOllOOOIllOOlOOlOlOlOOllllOllllllOllOllOllOll 
CG-14 110001I10101101001100000001111011111000001110111100011100100101111011110010111011011011010  
CG-15 000100110101111011100000011111011111000001110111100011100100101110011100011111011111011110  
CG-16 lllOOllOOlOOOOlOOOlOOOOOOlOOllOOllOOOOOOOlOOOOOllOOOllllOlOOlOlOlOOIllOOOlllllOlllllOllOlO 
CG-17 010100110101001011100000011111011110000001110101100011110100101010011110010111111011011011  
CG-18 100010110101001001100000011111011100000001110011100111110100101010011110011111011011011010  
CG-19 loiooooooiooooioooiooooooiiiuoioioooooooioooiooioooiiiioiooioioiooiiiiooiiooioiioiioiioio 
PW-11 100100000100101111100000011111011100100001010101100011110100111011010100010111111011011010  
PW-12 100000000001100000100000011111010101000001010101I00011100100111010011110010101011011011010 
PW-13 OllOOOllOlOllOlOOllOOOOOOlllllOlllllOOOOOlOlllOllOOOllOlOlOOlOlOllOllllOOlOlllllllllOllOlO  
PW-14 011000110101101001100000011111011101000001011101100011100101111011011110110111111011011011  
PW-15 011001011101101001100000001111011111000001111101100011100100101010011111111111111011111011  
PW-16 llOOOOlOllOllOlOOllOOOllOOllllOlllllOOlOllOlOOOllOOOlllOOlOOlllOllOlllOOOllllllllOllOllOll 
PW-17 000000101101101001101010011111111I11000001001101100001I10101101110010110011101111011011010 
PW-18 001000001101101001101000001111011111000001110101111001110100101010011110111101111011011011  
PW-19 OOOOOOlOOOOllOlOOllOOOOOOOllllOOOllOlOOOOllOHOllIlOOOOIOlOOlOlOlOOllllOOllllllllOllOllOlO  
PW-20 100000101101001001100000001111011110000001111101111101100100111010011110111111111011011110  
BW-10 100100101001100101100000010101000101000001000001 100000000100101010011110010001011000011010 
BW-12 111000101101101101I01000011I110111100000011100011000001001001110110U110110111111001011011  
BW-13 0000001111011010011000000011III11111100001010101100001100100111110011110111111111011011011 
BW-15 000100101101101101100000011101110110000001101101100011110101111111011110110111011011011110  
BW-16 000100101101001001100000001111111110000001111101110011111101111011011111111101011011111110  
BW-17 100100111101101001I0000000111111111100000111H11110011111101111010011111111111011011011111 
BW-I8 101000111101111011101000011111110110000001111101110011101101111011111111111101111011011111  
BW-19 1000001111011110011001001001111111110000011111011100111111011110110111111111011110111111X0 
BW-20 000000110101001011100100011111100110000001011100110011010100111011011111110111111111011000  
GS-11 001000111101001011100010011111011111100111010001110011101101111011111111111101011011011110  
GS-12 000100101101101001100010011111011110000111010101110011011101111011111111111111011111111110  
GS-13 100000001111101001100110011111000111100111001101100011000000101011111101111111011011110010  
GS-14 000000101101101011100100011111011110000011011101100010100100101010011111010111011011011111  
GS-15 0010001011010010111000000110110111110100110111011110111111011 111 10111111111101111111111110 
GS-16 000100101101101001100100011011011111100111111101100011111101111010111111111101111111111111  
GS-17 001000111101111001100100011111011110000111110101100111110101111110110111111111111011111111  
GS-18 101101111101101001100010011111011110010111100101110111110101111010111101011111011010111011  
GS-19 111000101101001011100000001111011I110001111111011101110101011111101I1111011101011011111010 
GS-20 001100101111101001100000011111011111000001111101110011110011111110110111110111111111111010
158
AFLP markers generated with primers M-CAC-E-ACA
1 — denotes the presence of a band, 0 — denotes the absence of a band. Each column represents a putative 
locus by size (number of base composing the restriction fiagment).
8766544422100776665443322111000099998877776665554443332222111100009998887776666555554443333222211110009999888877776666  
1780653063486638620527151731973194206485305308417438539520975396306317537629752975308529742642075305206520642075318515
LM-12 000100000111110101110010110010001100010011011111100001  lOOllIlOOlllimOOlllOOlOlOllOlOlOOOlllllOlinillll 1111011001110 
LM-13 OOOlOOOOOllOOlllOlllOOllllOOlOOOlOlOOlOOlOOOlOllinOOOlOOOOOlOOlllllOlOOlllOOlOllllOlOlOOOllOllOlOlllllllllOOOllOOlOlI  
LM-14 OOOlOOOOOOIlllOlOlllOOOlOlOOlOOOllIOOlOOlOOllllOlllOOOIOlOOllOOlinniOOlllOOllllllOOOIOlllllllOlOllllllinOOOlllOlOll  
lm-15 oooioooioiioiioioiiiooimooioooiioooiooioooimmoooioooioioomiioiooinoomoiooioioioiimoionominoooiiooim 
lm-16 oooiooiooiioiioioinooiooiooioooiiooiiooioooiiiinooooioooooiooiiiiniooinooioioiioioioooiniioioionooiiioioioioiooo 
LM-17 OOOlOOlOOllOllOlOlOlOlllOlOOlOOOnOOOOOOllOOlllllOlOOOIOOOlOlOOllliniOOlOlOllllOlOOOOlOlOllIllOinOOllllllOlOllOOllOO 
lm-18 oooioooooiioiioooiiiooiioiooioooiiiioiooioooiniioooooioooooiooiinniooioiooioioiiiioiooomiiiioiimiiiiiioiiioiooo 
LM-19 OOOlOOOOOllOllOlOlllOllOllOOlOOOlllOlOOOllOlliinilOOOllOOlOOOOllimiOOlOlOOlllOlOOOliOGOllOllOlOlOOllllllOlOlllOllOl 
LM-20 OOllOOOOOIlOOlOOOnilOllOlOOlOlOlOlOOlOOlOOOllllOnOOlIIOOIIlOOllinOlOOlllOOIOIOOlllOlOOOlllllOlOIOlllllIlllOlllOllOl 
lm-21 oooioooooiionoiommiooooiooonoooiooioonminooonooniooinnnooioioomonooonooimioiomnmmomoiooi 
CG-io oooioooooiioiioioinmioiooiooiiiooooooioooninnoooiioooiioommiooioioommooonionoiioiomimmioiiioiooi 
CG-11 0001000001101101011110110100110010100000100011111000011000001001111111001110010110100110101101101111111111111010001011  
CG-12 oooiooooooiooioioimoiioiooiooomioiooiooiimoiioonooomooimmoomooimoioooiioomimoiiomiimomoiooi 
CG-13 OOOlOOOOOOlOOlOlOinOOllOlOOlOOOlllOOlOOlOOlllllOllOOllOOOOOlOOlllllllOOlOlOOllllOniOlOlOinilOlllllllllllIlOllOOlOll 
CG-I4 001100100010000I0110000I0100100011000100110011II00000110000010011 111110010100111101010I010II011011110111 111 11011011001 
CG-15 OOOlOOOOOllOOlOlOlOlOOllOlOOlOOOinOOOlOl 1011111101001 lOOOOOlOOHIOIUOOlOlOOlllOOlOOOlUOUOUOllUOiniUUOnOOlOOO 
cg-16 oooiooiooiiooioiouioiiioiooioioiiiooioonoiuoinoooiiooiinioiiiiiiioiioioiinoiioooioniiiinniniiiiiiiionioioii 
cg-17 looioiiooiiooioioinoiiioiooioooiioooiooioniiiiiiiooiiooiiiiooniiiiiooioionnooioooioooiiiiioioiiiiniiiooonooiooi 
CG-18 OlOlOOOOOOlOOlOlOlllOOOlOlOOlOOOimOlOOlOOllllllllOOllOOllllOOlllllllOOlllOllOllllOOllOOllllllOlllllllllllOOOlllOIOOl  
CG-19 OlOlOOlOOIlOllOIOlllOlUOlOOlOOOlOlOOllOlOOOlllOlllOOllOOlOlOOOlllllllOllOlOUllOOlOOlllOOinilllllllllllllllOlllOllOO 
pw-ii iooioooooi ioi loion looi ioioi ioooi ioooiooiooi mi iiioooiooiiiiion 11 n 1001 nouoioi 1001 iioiiniiou 11 in mu1011001011 
pw-12 ooooooooooiooioiooooooiioiooiooooiooooooioooiiiiioooooioooooiooniiniooioiooniooioooiiioiioiiniiioniiiinoinoiooi 
PW-13 OOWWOOOOOOOOOOCWOlOOOOOOOOOOOOOOOOOOOOOOOOOlOlllOOOOOlOOOOOOOOnOllOlOOlOOOOOllOOOOlOllOOllOnOlOtMKlllOlOlOlOlOOOlOOl 
pw-14 iooiioooooioiioiomooiioiooioooiiooooooiooiiiiimoooiooiiiooiiimoiomiooiiiioioioiiooiioiiomiiiimmomoioii  
pw-i5 loiiioioiiiooioioiiiooiiiiooiooonioioioiooiiiiiinoonoiiooioiimiiioiioiooioioiioioiiooiiiiioiiiiiiiiiiioooiiioioio 
PW-I6 lOOIOOOOOIlOOIOlOOllOOllOlOOlOOOniOOIOOlOOOllUlllOOOlOl 10110IIlIllll00101001ll0110001000IllIIHllIlll.il 1111011001010 
PW-17 OOOlOOlOOllOOlOlOOllOOlllOOOlOOOllOOOlOOlOOOinilllOOOlOllOOlOOllllIllOOlOlOOlllOOlOOOllOOllOllOlllOOlllllIllOlllOlIOl 
PW-18 0000000001100101001100110010000010100100100011110110001010010001111111001010011101100110001101101010011111100011001011  
pw-19 ooiiooioooiooioiomoooooiooioooioiiooooioommiioioiomiioimimoomommiooiioioiimniiimmmomomi 
PW-20 00010110011001110101001100001000110001001000101111100110111000011111110110101 11111100111001111111011111111 IOIOI 1101111 
bw-io iiiiiiioooinioiioiioooiooooiooiiioiooooioooiiiiiiiooiiiiiooioiiiiniiooioioiioiooiooiiiooniiioi  min ii noioii ioiooo 
BW-12 (woooiiooooooioiooiooooiooooiooooioooiooiooiimmoooioioioioommioiiooiommoiomoiiomiinommoioiiooioii  
BW-13 0001000001100101011100100100100011000100100011II11100110100100011111110010101111111001I1001111101111111 II 1100011101010 
bw-15 oioiiiioooioiioioiiiooiioiooioooiiiooiooiooiiniioooooioioinooniiiiiooioioimiioooinioiiinouiminnoooiiooioii 
bw-16 ooiiioioooiooioioiiioioooiooioomiooiooioooiiiioiioooioiooiiooiiiniiooioiooiiioiiimoooiinioioimimmoiiioioio 
BW-17 0001001000100101011100110100100011100000100111111000001011011001111111001010010101000111101101101111111111101011001011  
BW-18 OOlllllOlOlOOlOlOlllOlllOlOOlOOOllllllOlllOllllllOOOOOlOlllllOllllllllOOlOlOlllllllOOllOOIlllllllllllllllllllllllOlOll 
bw-19 oooooiioooioiioioinooiioiooioooinooiooiooiiiiinioooioiiiioooiiiiiiiooioiooiiioiooooioootimoioioiiiiiiioioiiooioii 
BW-20 10000010001011000011000I0000100111000000100111111010011011101001 111 111001110111111 IOIOI 1001111111111111111100011001000 
GS-u oioiiiioooiooiioiiiiioiniooioioiiioooooiioiioioioiooiioioioioimniioiioiooioimoooiiioiiuioimiiiiiiiooonioiioi  
GS-12 looioiooooiooioonioooionooioooiioooioonooiioiooooooiiKXKiioiimnioiniooioiniooniooiionouiiouiniooiiiioiooi  
GS-13 1000000001100100010000110000001011000101 loom 111010001111110011II111101111001H10000011101 IOI 101010011011101010001101 
GS-14 lQOimoonooioiiomiiioiooioiiiiioiiooiiimomioomiimomiiiiioiioioimoiioiiioioiimoiiiiiimiiiiimoim 
gs-15 oooiooooomoionoioooioooooioooiiiooiooioooiimoooooioiooiooimmiooioioiioiooioooiooonoiioimimmoooiiooim 
GS-16 oioioooooiiooooiiomoiioiooiooii iioooooioon ion iioooioioonomim looioioimoiioom loin uoi m ii in iii liiiiomi 
gs-17 oioiooiooiioiioiiooiooiiooooiooniioooooiooininooioomomomnmooiiioiioiooioiomoimioiioioimiioioiiooioii  
gs-18 oioiooiioiioioomoiioiooioiioooiiooooomoiiiinooooommooiiminooiiioiioioiiiooioooiiinoiinonimnmoomo 
gs-19 oooiooioooioiioiioiioonooooioomioiioiiomiomiooommiommmoioiommioooiioonmonimmmimiomo 
GS-20 00010010011001011011011100001000111101011111 lioiioioooioioiiooomilliooioionoiooioooioioiiouoi 111011111100111101000
159
AFLP markers generated with primers M-CAC-E-AGC
1 - denotes the presence of a band, 0 - denotes the absence of a band. Each column represents a putative 
locus by size (number of bases composing the restriction fragment).
Id. 4444444433333333333333322222222222222222222222221111111111111111111111111
873222008876644322110009999877665555443332111000999888776655544332221000099988776655  
574742648457286083859319760073828620518315841420620850537183095707504974295062936362
LM-12
LM-13
LM-14
LM-15
LM-16
LM-17
LM-18
LM-19
LM-20
LM-21
CG-10
CG-11
CG-12
CG-13
CG-14
CG-15
CG-16
CG-17
CG-18
CG-19
PW-11
PW-12
PW-13
PW-14
PW-15
PW-16
PW-17
PW-18
PW-19
PW-20
BW-10
BW-12
BW-13
BW-15
BW-16
BW-17
BW-18
BW-19
BW-20
GS-11
GS-12
GS-13
GS-14
GS-15
GS-16
GS-17
GS-18
GS-19
GS-20
011111111011101111011011011111100111111110111010100101110111111111011011101111011111
010110111011101101111001100111100111111110111000100100110111111100010011101011010111
oiiiiooiiiiiioonioiiooioiiiiiiooiinioiioiiioioiooioiiioiiiiiniooiooinoioimoioi
011110011111101101011100011111100111110010111010101101110111111110010011101010011101
011110010101101101011000100111100111111110111010100101110111101111010011101011010101
011110011001100101011011000111100111110110111000100101110111111110010011101011111111
011110010011101101011110011111100111111110111000100101110111111111010011101011010111  
011110010011101101010100001111100111110110111000100101110111111111000001101011111101  
011110011111101111011100000111100111110110111010101101110111111111010001101011011100  
OlllOlOlOllllOlOllOUOlOOOlllllOOlllllOllOlllOOOlOllOIllOllllllllOOOOOlllOlOllOlOlOl 
011101011001101101010100000111100111110010111010100101110111111100010011101011010101  
011101011101101101010011010111100101110110111010100101110111111111010011101011010101  
oiniiiiiioiioiiiioiioiooiomiooiiniooioinoioiooioiiioiininiioiooiiioioiiiioioi 
011110010011101111011110010111100111110010111000100101110111111111010011101011011101  
011000111011101101010110100111100111111010111010100101110111111111010011101011010101  
011110011101101101011010010111100111110010111000101101110111011110010011101011111101  
011101111001101101010101100111100111110110111000101101110111101100010011111011010111  
oniioiioooiiiiioioiioiooioiiiiooiiiiiiiooiiioioiooioiiioiiiiiniooiooiiioioiioioni
011110010011101111010110011111100111110100011010000100110111111110010011101011011111  
011110011111101101011110010111100111110110011010100101110111111111010011101001011111  
011110111001101101011011001111100111110110011010100101110111111111010011101011010111  
010110110001101101111000010101100011110110111000100101110111111111010011101011010101  
010000010001001111010000000101100011110010000000000101110110011111000011101011010101  
011110111001101011110010000111100111110110011010100101110110111110010011101011010101  
011110111011101101010010010111100111110110111000100101110110011110010011101111110101  
010110111001101110011100011111100111110110111000100101110110011101010011101011110101
110110011001101100010011010111100111110110011000100101110110111111000001101011010101 
011100111001101100011010011111100111110110011010100101110111111111010001101011010101  
011110111011101110010010001111100111110110111010100101110111011111010011101011010101
011100110101101110011010010111100111110110111000100101111111111111110011101010011011  
011101111011101100011110000111100011110110011000100100110111111101110011101011010001  
000000110011101100000100000101100011110110011000100100110110101110010011101011010011  
OllllOllllOllOllllOlOOHOlOllllOOOllllOllOOllOOOlOOlOlllllilllllOOOlOlOllOlOllOlOlll 
011110111111101101011101000111110011110110111010100101110110111111010001111011010111  
011100110001111111011000111111100011111110111010100101111110111111010011101011110101  
011110111011101111010100011111100011110110011000100101110110111100010011101011010100  
011110111101101111010101010111100011110110011000100101110111111100010111101011010101  
010110111101101111010101000111100011110110011010100100110110111110010011101011010101
001110110001100111000110000111100011110110011010100101110111111100010011101011010100  
OllllOllllllllllllOlllOllOlllllOOlllllOllOOllOOllOOlOOllOlllOlllllOlOOlllOiOllllOlOl 
0111101100011111110111000101111001111100100110001001011101110111110100111010111101I1 
000100010011101111010001000111101111011011111001110101110111111111010011101011011110  
011110111101101100011011000111100111111110111000100101110111111110010011101011111100  
011101110101101100011010100101100111010110011000100101110110001111011011101011010111  
011110110001101100011011010111100011110111011100100100110111111111011111101011110111  
011110110001101100011011000111100111110110011100100101110111111110011011101011110101  
111110110001101110011000111111100111111110111100100110110111111111011011101011111101 
011110011001101110011111000111100111110110111100100101110110111110011011101111110111  
011110111011101100010001011111100011110110111000100101110110111111011011101010110101
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APPENDIX G
INPUT FILES FOR COMPUTERIZED STATISTICAL AND
MULTIVARIATE SOFTWARD PROGRAMS
161
Input File for ARLEQUIN 2.0
[Profile]
Title=” Analysis of AFLP Binary Data from 5 populations”
NbSamples=5
DataType=RFLP
GenotypicData=0
LocusSeparator=WHITESPACE
Gameticphase=O
Frequency=ABS
CompDistMatrix=0
MissingData='?'
[Data]
[[Samples]]
SampleName-'Lane Mountain Population"
SampleSize=10
SampleData={
Lm_12 1 0001 1 10001 00001 001 1001 0001001 1001 010010100000001 1 10001001 01 101001 0 
000000111110000000000011101100001110100001011010011001101010000100000111 
110101110010110010001100010010111110000100111100111001100100110100001011 
111111101001100111111101101111011011011100111111011101010001011111011010 
11101111
Lm_13 1 00001010010001000100010010000100000100010000000101 100100101 101 1010 
010000111110110000000001101000001110100001011011010001101010000100000110 
011101110011110010001010010000001111100000000100110001100101110100000001 
111110001000110101101101101101111001100100111111011100010000011100010010 
01100111
Lm_14 1 000011100100010001110100110011001010000000000011110001001010011010 
000000111111111100000110011100011010100001011011111011101010000100000011 
110101110001010010001110010000111011100001001100111001100111110000111001 
111110001100110111100111100111011001011100111011011101010001011110010010 
01110101
Lm_15 1 00001 1 1 01 100001 0010001 0001000100101 1 01010000001001 0001 1 010100100 10 
000000111110100000000000100100001100100100011001010001101111000100010110 
110101110011110010001100010000011111100000010100110001100110100100101001 
101110001001110111100111101101011100011100111001011101010101011110010010 
01001101
Lm_16 1 00001 1000100000001 10010001000100001000010000001 1000001 10101 1010010 
100000011110100100000000100100001110100100011001011001101011000100100110 
110101110010010010001100110000011111000000000100111001100100110100001001
010010100100000111100010101101011000100100111111011101010001011011010010
01100101
Lm_17 1 000011100100000001100100010001001010000100000011001001001010010010 
000000111110100000000011101100001100100100111011010001101011000100100110 
110101010111010010001100000010011110100000010100111000101110100000101011 
001110101001000111100100100101011011000100111011011100010001011110010010
01111111
Lm_18 1 000011100100001001101110110001000010010100000001001001001010110011 
000000111110111000000011100100011100110101010011010001101010000100000110 
110001110011010010001111010000011110000000000100111000100100111100001101 
111111101100000111100001101101011110011100111111011100010001011111010010 
01100111
Lm_19 1 00001 1 100100010001 1 101001 1000100001001010000000000100100101 101 1010 
000000111110111000000010100100001010100101011001111001101010000100000110
162
110101110110110010001110100010111111100010010000111000100110100010000001
001110101101010111100001101101010100001100111011011100010001011111000000
01111101
Lm_20 1 00000110010001 0000000000000001000010010100000010000001001001010010 
000000011100110000000011111100001000100000010001111001101011001100000110 
010001111011010010101010010000011101100110011100110001100100011100001001 
011111101101010111100111101111011100000100111011011101010101011111010000 
01101100
Lm_211 000011100100011001110100110001001010010000000001011001100001010010 
000000111110001000000011100100011100100000001001111001101010000100000110 
110101111111000010001100010000111111100010011100111000100110110001001001
111111101100010111010011101011011010001100111011011100010101011110000010
01100101
}
SampleName = "Coolgardia Population"
Samples ize=10 
SampleData={
Cg_101 000011100100001011110100010001000010000100000001011001101011010111 
000000111111101100000010001100011110101011011001111001101010000100000110 
110101111111010010011100000000011111100010001100111000100111110001100001 
111111101100010111010100101101010100000100111001011101010001011100010010 
01100101
Cg_U 1 0000 1 1 1 00100001 0000101 1001 001 100000001 01 0000001 0000001001 01 1 0100 10 
010000111111100000000010101100011100100000011001111001101011000100000110 
110101111011010011001010000000011110000100000100111001100101010010100011 
111111100000110111010110101101010011010100101011011101010001011111010010 
01100101
Cg_12 1 000011100100001001110100010011000010010100000001000001001010010010 
000000011111100100000000100100111100100000011001010001101011000100000010 
010101111011010010001111010000111101100100011100111001100111010001001101 
101111101100010111111110101111011010010100111001011101010001011111010010 
01110101
Cg_131 000111100100011011100100110001001111000100000001111001101011110111 
010000011111111100000110101100011100100000011011111001101011000100000010 
010101110011010010001110010000111101100100000100111000100111011100101011 
111111101000110111100001101111011110010100111001011100010001011111010010 
01101101
Cg_141 000010000100011011100100110010000010010100000011100011101011010011 
000000011110111100000110111100011100100011011001011001101010001100100010 
000101100001010010001100010010011100000100000100111000100111010100100011 
101111101010010110001101101101010110100100111101011101010001011111010010 
01100101
Cg_151 000011101100001011100110110010000010000100000010001001101011110111 
000000111110111100000110111100011100100010010001111011101110000100000110 
010101010011010010001110001010111110100100000100101000100110010001100011 
101111101000000111100110101101011010010100111001011100010101010110010010 
01111101
Cgl61 000011100000001001011110010000000010000100000001110011001000010001 
000000100110010000000000001100011110100000010001111011101010000100100110 
010101110111010010101110010010110111000100111110111010101110110000111111 
111111101100110111011100101101010101100100111011011100010101011000010011 
01100111
Cg_171 000011100100010001100110010011000010000000000000101001101010010111 
000000111110111000000110101100011110100000011001011101101011100101100110 
010101110111010010001100010001111111100100111100111000101110010000001001
163
111110001000010111101000111101011010010100111110011101010001011110010010
01100111
Cg_181 000011101100011001100110110001000010000000000001000101101010010011 
000000111110110000000110011100111110100000011001111001101010010100000010 
010101110001010010001111010000111111100100111100111001101101110010011011 
111110001100010111100001101111010110011100111010001101000000011110010010 
01101111
Cg_191 000011000100001001000000110000000010010100000001010000001000010001
000000111110100000000000100100011110100000011001100001101010010100100110 
110101110111010010001010011000011011100100101000111010101110010011001111 
111111101101000111100111101101011110010100111011001101010001011111010010 
00101111
}
SampleName = "Prospectors Wash Population”
SampleSize=10
SampIeData={
Pw_ll 1 000011000100011011110100110001001010000100100011001000001001011111 
000000111110110010000010101100011110100101000001011101101010100100000110 
110101110011010110001100010000111111100000111110111001101100110011011011 
111111101000110111101100101101011011001100111011001101010001011111010010 
01100111
Pw_121 00001 1 00000000101 100010001 0000000000010000100001 00000000001 1 000001 
000000111110100100000010101100011100100100011001010001101010000000000010 
010100000011010010000100000000011110000000000100111000100110010001100111 
101111101100010101101000101101111000010000011011011100010001011111010010 
01100101
Pw_13 1 000011100100011001 1 10110111010000011100100100000110001101011010011  
000000111110111100000011101100011010100001011001011111101010000000000000 
000000100000000000000000000000001110000000000000010000000010000101000000 
001000100000010100000000001111010000000000011001000000000001000111000010 
01100101
Pw_141 000011100100011001100110111000000010000000100000110001101011010011 
000000111110110100000011101100011100101101011011011101101011100110000010 
110101110011010010001100000000111111100000111001110011100111010101000011 
111111101100110111101100101011110010000100111011001101010001001110010010 
01100101
Pw_15 1 000011100100011001110100110001001111010000100000110010111011010011 
000000011110111100000111101100011100100000011111111101111011101110101110 
010101110011110010001110101000111111100101100101111010100100110101001011 
111110001100100111101101101101010010010100111011011100010001000110010010 
11110101
Pw_161 000011101100011001110100110001001011000100100011100001011011010011 
000110011110111100101010001100011100100101010001111101101011100100000110 
010100110011010010001110010000011111100001101101111000100110110000001111 
111111101000100101101100101110011100011100111011011100010001000101010010 
01110101
Pw_171 000001101100001001100100110001001010000100000000000001011011010011 
010100111111111100000001101100001110101010001001110101101010000100100110 
010100110011100010001100010000011111100001100100111000100110010001000011 
001111101101011101100100101100010011010100111011001100010001001111000000 
01100101
Pw_181 000011100101001011101100110001000011000100100000010000011011010011 
010000011110111100000110101111001110100000011011110101101011000000000110 
010100110011001000001010010000011101100001001000111000100110110010000001 
001110001000110111001100101100011010011100111011001101010001011111010000 
01100101
164
Pw_191 000111101110011011111100110001000010010101101000000001000011010011 
000000011110001010000101101111000010100000011001111101101010001100100010 
010101110000010010001011000000111111101001111101111001101111110010101111
111111101101110111101101101110010010001100111011011101010001010111010010
01100101
Pw_201 000001 101 10000100 1 1 1 1 1 1 01 1 00010000100001 0001001 100000101 1010010 01 1
000000011110111000000111101111101100100100011011111101101110000101100110
011101010011000010001100010000001111100101110000111010101111110011001101
111110101101110111001010101110011010010100111011011100010001111111110010
01001011
}
SampleName = "Brinkman Wash Population"
Samples ize=9 
SampleDalar={
Bw_101 0000010001 00010001 1 1010010000100101001 010000000100100101001 1 00101 1 
000000101010000100000000001100000000100000011001000000001010111111100011 
110110110001000010011101000000011111100111100101111000101100010011001011 
111110101100000111011101101100011110000100011011001100010000011101110010 
01100001
Bw_121 000011000100010011110101110001000110010101100001110001011011011011 
010000111110111000000110001100000100100101011011011100101011000001100000 
010100100001000010000100010000111111100001010100111010010111110101100111 
101110101000110000001001101100000100000000011011001100010000001010010010 
01100011
Bw_131 000011101100001001100100111011000010010101100010000001111011010011 
000000011111111110000010101100001100100110011011111101101011000100000110 
010101110010010010001100010000011111100101001000111000101111110011001011 
111110001100100111101110101111010011010100011011001100010001111100010100 
01100111
Bw_15 1 00001 1 100100001001001 10101 1001000010000101 10001000100101 101 101 101 1 
0000001110111010000001011011000111101011110  1.101101100110111001011110001 0 
110101110011010010001110010000111110000001011100111000101111100011101011 
111110001000110111101111101101011101000110011011011101010001001111010001
01100111
Bw_161 000011100100011001110100110011010010011011000000001001011010010011 
000000011111111000000111101110011111101101011111110001111110001110100010 
010101110100010010011110010000011101100001001100111000100110111110001001 
111111101100100111001000111111011000111100011111011101010001101111010010 
01110101
Bw_17 1 001011100100011001100110110011010010001111011001001001111011010011 
000000011111111100000111111110011111101100011111111001101111000100100010 
010101110011010010001110000000111110000001101100111000100100100011100011 
111110101000110111101101101111010100011100011011001100010001001100010010 
01100100
Bw_181 101011100100011001110110110001010010001101000001010001111011110111 
010000111111101000000111101110011101101101111111110101101111001111101010 
010101110111010010001111110110111110000001111101111000101111110010011111 
111111111100110111101110101111010101010100011011001100010001011100010110 
01100101
Bw_19 1 010011101100011001110110110001010010000100000001000001111011110011 
001001001111111100000111101110011111101101011111110101111110000001100010 
110101110011010010001110010000111111100001111000111000100110100000001001 
011110101000110101101110101111010101000100011011001101010000001110010010 
01100101
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Bw_201 01001 1 1 1 1 10001 1 001 1001001 100100010100101 00100000000001 1 0101 00101 1 1 
001000111111001000000011100110011010100101011111011111101000100000100010
110000110001000010011100000000111110100101110100111001101111110101001111
111110001000000011101000100111000110000100011011001101010001011100010010
01100100
}
SampleName = "Goldstone Population"
SampleSize=10
SampleData={
Gs_ll1 000111110100011011111100110011000010001101100010010001111010010111 
OOOlOOlllllOlllllOOllOlOOOlllOOlllOllOllOlllllllllOOOllOlllOOlOllllOOOlO 
011011111011110010101110000010101010100101010101111010100101110001101011 
111110001101010111101111111111011101101100111011001100110000010111010010 
01110101
Gs_121 00001 1 1 1010001 101 1 1001 101 1 101 100101001 1 10100000000100101 101 101001 1 
000100111110111000011010101110011011101101111111111011111110100101000010 
010011100010110010001100010010010100000011000101111011100101110011000011 
101110011100010111101000111111011100010100111001001100010001010111010010 
01110111
Gs_13 1 010001100100010011100100110001010010000100000011000000011111010011 
001100111110001110011001101100011000000001110111111001110010100000000110 
010001000011000000101100010100111110100011111001111011100111000001100001 
001010100001010001000001101111010001000101110101111100111001011111010010 
01101110
Gs_141 010011100100010001100110110001010011101100100000000001011011010111 
001000111110111000001011101100010100100000011101011001101111100111100110 
010110111111010010111110110011110111100111111101111010101110110110101011 
111111111101110111101110101100011011000100111111011100010001011110010010 
01111100
Gs_151 000001010100010101100110111101000010001001110010010001011010010111 
000000110110111101001011101111011111101110111111110111111110000100000111 
010110100010000010001110010000011110000001001001111000101100010000000011 
111110001001110111011010101100011010100000110011001100010001000011011010 
01100111
Gs_16 1 000011001100011011100110111111110011111000100110001001011011010011 
001000110110111110011111101100011111101100111111110111111111010100000110 
000110111011010010011110000000110111100001001101111000101110110011101011 
111111111101110111101000101100011011010100011011101110010000011111011110 
01110111
Gs_171 010011100100111001100111111011010010001111100010010001111011110011 
001000111110111000011110101100111110101110101111111101111111010100100110 
110110010011000010011110000000111110010011011101111001101100010101101010 
101110101000110111101000101100011011000100111011001110010001011110011010 
01110101
Gs_181 000011010100011011100110111011010010011101100011011011111011010011 
000100111110111001011100101110111110101100110101111001011011010100110110 
100111011010010110001100000110111110000011111001111001101100111000001011 
101111111001101111101000101110011000111100111111011110010010011111011010 
01111101
Gs_191 000011010100011011110110111001010010001101110001110001011010010111 
000000011110111100011111101110111010101110111101110001111010000100100010 
110110110011000010011110110101110111100011111101111100101111110001001011 
111111111101100111100100101110011111000100111011011110010001001110011010 
11110111
Gs_201 000011111100011011100111110100011011001110110010011001011111010011 
000000111110111100000111101110011110011110101111011111111010000100100110
166
010110110111000010001111010111110110100001011000111000101100010000100011
101110011100000111101101101100010001011100011011011100010001001111011010
01010101
}
[[Structure]]
StructureName= "Lane Mountain Milk Vetch"
NbGroups=l
IndividualLevel=0
Group= {
"Lane Mountain Population"
"Coolgardia Population"
"Prospectors Wash Population"
"Brinkman Wash Population"
"Goldstone Population"
}
[[Mantel]]
#size of the distance matrix:
MatrixSize=5
//number of declared matrixes:
MatrixNumber=2
//what to be taken as the Ymatrix:
YMatrix?="fst"
//labels to identify matrix entry and population: 
YMatrixLabels = {
"Pop 1"
"Pop 2"
"Pop 3"
"Pop 4"
"Pop 5"
}
# distance matrix: XI 
DistMatMantel={
0.00
5.00 0.00
10.50 14.50 0.00
18.00 23.00 9.50 0.00
23.00 27.50 14.50 5.50
}
UsedYMatrixLabels={
"Population 1" 
"Population 2” 
"Population 3" 
"Population 4" 
"Population 5"
}
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Input File for TFPGA
i,
2,2,2,1,1,1,2,2,2,1,2,2,2,2,1,2,2,1,1,2,2,1,2,2,24,2,2,1,1,2,2,1,2,1,2,2,1,2,1,2,2,2,2,2,2,2,1,1,1,2,2,2,1,2,2,1,2,1,1,2,1,2,2,1,2,2,2,2,2,2,2,
1.1.1.1.14.2.2.2.2.24.2.2.24.1.1.14.1.1.2444.1.1, 14,14444,14,1,14,1,24,1,14,2,1,14,1,2,1,2,244,1,2^,2,2,2,1,1,1,1,1,2,1,2,1, 
1,1A2,1A 1,1,244444,1,14,2,2, 144, 14, 1,1,1,1,1,2,2,2,2,1,2444,1,1,2,2,1,1,1,2,2,1,144,1,2,2,1,1,2,1,24444,2,1,1,1,1,1,1,1,1, 
1,2,1,2,2,1,1,24,1,1,1,1,1,1,1,2,1,14,1,1,1,14,1,144444,1,1,2,2,1,1,1,1,1,1,2,1,1,14,1,2,1,244,14,1,1,1,144444, 1,2,1,1,1,2,1,1,
1,1
1,
24444.2.144444444444444444444444444444444444444444444444444444444444444444,
1.1.1.1.1.2.1.1444444.2.244444444444444.144444444444444444444444444444444444444444,
1.1.2.2.1.1.1.1.244444.1444444444444444444444444444444444444444444444444444444444, 
244444444444444444444444444444444444444444444444444444444444444444444444,
1,1
1,
244444444444444444444444444444444444444444444444444444444444444444444444, 
144444444444444444444444444444444444444444444444444444444444444444444444,
1,1,244,1,2,1,2,2,1,2,2,2,1,1,1444444,2,1,1,1,2,1,1,1,2,2,2,2,1,2,2,1,1,2,2,1,1,1,2,2,1,1,2,2,1,1,1,1,1,2,2,2,2,1,1,1,2,2,1,1,1,1,1,1,2, 
244444444444444444444444444444444444444444444444444444444444444444444444,
2,1
1,
2444.14444444444444444444444444444444444444444444444444444444444444444444,
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1,1,2,2,1,1,2,1,24,1,2,2,2,1,1,1,2,24,24,2444,144,24,2,24,2,1,1444,24444,2444,24,1,244,2,2,2,1,1,1,2,2,2,1,1,1,1,1,1,1,2,
1.2.1.2.2.2.1.1.2.1.1.1.1.2.1.1.2.1.1.2.1.1.1.1.2.1.2.1.2.2.2.1.1.1.2.2.2.1.1.2.1.1.2.2.1.1.2.2.2.1.2.2.2.1.2.2.1.1.2.2.2.1.2.2.1.2.2.1.1.2.2.1,
2,2
4,
144444444444444^44444444444444444444444444444444444444444444444444444444,
1,1,1,1,1,1,1,2,1,2,2,2,2,2,2,1,1,1,1,2,1,1,1,2,2,1,1,1,2,1,1,2,1,1,2,1,1,1,1,1,1,1,1,1,2,1,2,1,1,2,1,1,1,1,2,2,1,1,1,1,1,2,1,2,1,2,2,1,2,1,2,1,
1,1,2,1,1,
2,1
4,
2,1,2,2,1,1,1,2,1,1,2,2,2,1,1,2,2,1,1,1,2,1,1,2,1,1,2,2,2,1,2,1,2,2,1,2,2,2,2,1,2,2,2,2,2,2,2,1,2,2,2,2,2,1,1,1,1,2,1,1,1,1,2,2,1,1,2,2,1,2,2,1, 
2^,1,1,1,1,1,1,1,1,2^,2^,2,1,1,1,U,1,1,UA1,1,1,1,1,U,1,1,2,1,2,1,1,1,1,1,1,1A1,2,1,1,1,1,1,1,2,2A2^,1,1A2,2,U,1,1,2,U,1,
1,1,2,2,1,1,2,1,2,2,14,2,2,1,1,1,2,2,1,2,2,2,2,1,1,1,1,1,1,\2,24,2,1,1,1, 1,2,2,2,1,1,1,2,2,2,1,2,2,1,1,2,1,2,2,2,2,2,2,2,1,2,2,1,2,1,1,1,1,2, 
144444444444444444444444,244444444444444,244,2444,2444,24,24,24444444444,24444,24,
2,1
4,
2444444444444444444444444444444444444444444444444444444^4,24,2444444,244444,
1.1.14.14.244.2.2.2.2.24.2.1.144.2.14444.1.2.1.2.1.2.2.1.2.1.2.1.1.1.1.14.1.1.1.1.1.1.2.14.2.2.144.2444.2.2.2, U,l,l,2,2,2,2, 
144444444444444444444444444444444444444444444444444444444444444444444444, 
24444444444444444444444444444444444444444444444444,24,24444,1,2444,2444,244,244,  
24
5,
244444444444444444444444444444444444444444444444444444444444444444444444,
1,1,1,1,14,1,1,1,1,14444444444444,2,14,14,14444,2,1,144,1,1,14,U444,14,144,244444,144,2444,2,14444,
14444444444444444444444444444444444444444444444444444444.2444444.24444444.2,
2’l’ ’’’’’’’’’’’’’’’’’’’’’’’’’
5,
244444444444444444444444444444444444444444444444444444444444444444444444,
1,1,1,1,1,2,1,1,1,2,2,2,2,1,1,2,1,2,1,2,1,1,1,2,2,1,1,2,1,1,1,2,1,1,2,1,1,1,1,1,1,1,1,1,1,2,1,1,1,1,1,1,1,2,1,2,2,1,2,1,2,2,2,2,1,2,2,1,2,2,1,1,
14.2.2.1.2.1.1.2.2.1.2.2.2.1.1.2.2.2.1.2.2.1.2.2.1.2.1.2.2.2.2.2.2.1.1.2.2.2.1.2.1.1.1.1.2.1.1.1.2.2.1.2.1.1.1.2.2.1.1.2.2.2.2.1.1.1.2.1.1.1.2,
2,1,1, 122,2,1,2,1,1,1,1,2, 1444, 1,1,1,1,1,1,2,1,1,1,244,144,2444444,14444,244,1,24,2,1,2,1,2,1,1,1,2,14,2,14,2,1,144,1,
1,1
5,
2,2,2,2,1,1,2,2,2,2,2,2,1,2,1,1,2,2,2,1,2,1,2,2,1,1,1,1,1,2,1,2,2,2,1,1,1,1,1,2,2,1,1,1,1,2,1,1,1,2,2,1,1,1,24,2,2,2,1,1,2,2,2,2,1,2,2,1,2,  14, 
144444444444444444444444444444444444444444444444444444444444444444444444,
1,2
5,
244444444444444444444444444444444444444444444444444444444444444444444444,
1,1,1,1,1,2,1,1,1,2,2,2,2,2,1,2,1,1,1,2,1,1,2,2,2,1,2,1,2,2,1,2,2,2,2,2,2,1,1,1,2,1,2,1,1,2,2,1,1,2,1,1,1,1,1,2,2,1,1,1,1,2,2,1,1,2,2,1,2,1,1,2,
1,1,1,1,1,1,2,1,2,2,1,2,1,1,1,1,1,2,1,1,2,2,1,1,1,1,2,1,1,1,UA1,1,1,1,1,1,1,2,1,1,1,1,2,U,1,2,1,1,1,2,1,1,2,1,1,2,1,2,1,2,1,1,1,1,1,1,1,1,
14444444444444,1,1,1444,1,1,244444444444,24444444444444444444444444444444444444,
24
171
5,
2A2,2, 2,1,2,1,2,1,2,2,2, 1,2, U, 1,1,2,2,1,17,1,1,1,1,2, 17,2,2,2,1,2,2,2,1,2,2,1,1,1,2,2,1,2,2,1,2,2,2,1,2,1,1,2,1,2,2,1,2,1,1,1,277,2,27, 
1,17,1,17,1,1,1,17,1,274744474,1,14744444,U444,244444444,244444,144,27,2,2,1,2,2,2,27444,2,1,244,2,  
1,2,2,2,1,2,2,2,2,2,1^,2,2,1,1,1,2,2,1,2,2,2A2,1,1,1,1,2,2,2,2,2A1,2,2,1,2,2,1,1,1,U,2,2,1,2,1,1A2,2,1,2,2,2,2,2,2^,1,1,1,1,1,1,1,2,
14
5,
2,2,2,2,1,1,2,2,1,1,2,2,2,1,1,2,1,1,1,2,2,1,1,2,1,1,1,1,1,1,1,1,2,2,1,1,1,1,1,2,2,2,1774,1,2,2,2,177,1,2,1,1,2,1,1,2,1,27,1,1, 2,2,1,2,2,2,
1.17.14744444774444447.1477.2444444744.27444444.1, U444444444,24747^77744,2777447,
1.1.1.2.1.1.2.1.2.2.1.2.2.1.1.1.1.2.2.2.2777.14.2.1.1.1.17777.1.2.2.1.1.2.1.1.1.1.2.27.1.2.1.1.1.2.1.1.2.2.1.1.1.2.1.2.1.1.1.1.1.1.1.1,  
14,1,17,1,1,1744447,1,2774,2,1,1,2,2,24,17447474777447,1447444774777774444474444,2744474, 
14
5,
2,1,27,1,1,1,2.,2,1,27,1,1,1,2,2,1,1,2,2,1,1,1,1,1,17,1,1,2,177,1777,14,144,2,2,2,1,2,24,27,2,1,1,1,1,2,1,1,1,1,2,2,1,1,2,2,1,2,2,2,
144.147.1.1.1.2.27.24444747.1.17744444.247444.2.1744444444.2.14.144447.17.177.17744.2.1.1744.2,
24774477774774.1.1.1777.277744444774.2.2447444744447744744.2.27.174.24.1.247474744.1.2,
17477744.2.1.1.14.247.2.2474.177.244744.27747744474.1774447.2.17.274.2.144.17.2447477.144.2.1,
2,1
5,
27,274,17,174,277447444,27,1,174447447477477,1,147447,274474,174,14447447,1,2,24,17774,27,
14.1.1.17.14.1.27.17.1.1.1.2747.14.1.24.14.147.174.1774.1.24.2.14.14.27.17.1.1.2.147.1.24.27.1.1.2.1.1.2.177.1.1.1, 
2447,17,2,1,2447,27447,2,27,2,1,1744444,2,2777444447,2,14447,24,17,1,17744,1777,274,2,14474444,
2,1
5,
27,274474,2477,244,2,144,1,2447444,2,2,174,27477,24,174447,27444,27,24,24,1747,2,1,2444,277777,
24,1,1474444,27,244,144,17,1447444747,1,2,1,1,1,24,1,1474447774,1,1,17,1,27774,2,24,2,274,24474,1,2,
4,
144474477444477477474447744444777477444744744447747774774447744747444474,
14
5,
277744,1,1,14,277447444,274,1,14,1,2,1,27,244744,2744,1,24,1,2,24,2744,2,24,244,144747,2,1,177,2777,
14444,24444,277774444744477,14447,2,1444747444474444444474777,2,17747,2447747447,
1474447,2774,2,27444474744444,2447477,2747447774447774744,27747777477744474447,
24,14,277774444,2,1,1744744,27,2,1,2774744,1,2,274474474,1,1,2,27,1,27,2,17744,1474,1,24,274747,1,
2,1
0,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,07,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 
0,0,0,0,0,077,07,0,0,0,0,0,0,0,07,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,07,0,0,0,0,0,0,0,0,0,0,077,0,0,0,0,07,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 
0777777,07,0,0,0,0,0777,0,0,0,0,0,0,07,07,0,0,0,0,077,0,07,0,0,0,0,0,0,0,0,077,077,077,07,0,0,0,07,07,0,0,0,0777,0,0,  
0,0
172
Input File for POPGENE
/* Astragalus AFLP diploid binary data of 5 populations with 290 polymorphic loci ♦/
Number of Populations = 5
Number of loci = 290
Locus name:
410bp 407bp 341bp 328bp 316bp 312bp 300bp 286bp 280bp 273bp 266bp 263bp 258bp 256bp 254bp 248bp 245bp 240bp 238bp 
224bp 222bp 214bp 212bp 206bp 204bp 200bp 198bp 191bp 189bp 178bp 163bp 149bp 147bp 141bp 134bp 130bp 128bp 124bp 
108bp 97bp 94bp 89bp 84bp 75bp 70bp 64bp 54bp 493bp 486bp 454bp 452bp 442bp 439bp 401bp 396bp 383bp 351bp 347bp 337bp 
335bp 333bp 327bp 325bp 318bp 316bp 314bp 308bp 306bp 297bp 293bp 291bp 287bp 284bp 277bp 275bp 267bp 265bp 264bp 
256bp254bp249bp243bp241bp235bp231bp223bp221bp216bp214bp211bp208bp205bp202bp 198bp 196bp 194bp 191bp 
184bp 182bp 177bp 175bp 166bp 164bp 155bp 151bp 148bp 133bp 120bp 117bp 112bp 107bp 104bp 102bp lOObp 98bp 96bp 94bp 
90bp 83bp 81bp 79bp 76bp 72bp 66bp 63bp 61bp 481bp 477bp 468bp 460bp 456bp 445bp 443bp 440bp 426bp 423bp 414bp 408bp 
406bp 376bp 373bp 368bp 366bp 362bp 350bp 345bp 342bp 337bp 331bp 325bp 321bp 317bp 313bp 311bp 309bp 307bp 303bp 
301bp 299bp 294bp 292bp 290bp 286bp 284bp 278bp 275bp 270bp 265bp 263bp 258bp 254bp 251bp 247bp 244bp 243bp 238bp 
235bp 233bp 225bp 222bp 220bp 219bp 217bp 215bp 213bp 209bp 200bp 196bp 191bp 185bp 183bp 176bp 172bp 169bp 167bp 
165bp I62bp 157bp I55bp 153bp 150bp I48bp I45bp I39bp I37bp 134bp 124bp 117bp 113bp llObp 105bp 102bp 96bp 95bp 90bp 
84bp 82bp 80bp 75bp 73bp 71bp 65bp 61bp 55bp 485bp 477bp 434bp 427bp 424bp 422bp 406bp 388bp 384bp 375bp 362bp 348bp 
346bp 330bp 328bp 323bp 318bp 315bp 309bp 303bp 301bp 299bp 297bp 296bp 290bp 277bp 262bp 258bp 256bp 252bp 245bp 
238bp233bp231bp225bp218bp214bp211bp204bp202bp200bp 196bp 192bp 190bp 185bp 180bp 167bp 153bp 150bp 149bp 
130bp I27bp 125bp 120bp 114bp 109bp I07bp 99bp 90bp 86bp 82bp 79bp 66bp 63bp 56bp 52bp
name = Lane Mountain
000111000100001001100100010011001010010100000001110001001011010010000000111110000000000011101100001110100001
011010011001101010000100000111110101110010110010001100010010111110000100111100111001100100110100001011111111
10100110011111110110111101101101110011111101110101000101111101101011101111
000010100100010001000100100001000001000100000001011001001011011010010000111110110000000001101000001110100001
011011010001101010000100000110011101110011110010001010010000001111100000000100110001100101110100000001111110
00100011010110110110110111100110010011111101110001000001110001001001100111
000011100100010001110100110011001010000000000011110001001010011010000000111111111100000110011100011010100001
011011111011101010000100000011110101110001010010001110010000111011100001001100111001100111110000111001111110
00110011011110011110011101100101110011101101110101000101111001001001110101
000011101100001001000100010001001011010100000010010001101010010010000000111110100000000000100100001100100100
011001010001101111000100010110110101110011110010001100010000011111100000010100110001100110100100101001101110
00100111011110011110110101110001110011100101110101010101111001001001001101
000011000100000001100100010001000010000100000011000001101011010010100000011110100100000000100100001110100100  
011001011001101011000100100110110101110010010010001100110000011111000000000100111001100100110100001001010010  
10010000011110001010110101100010010011111101110101000101101101001001100101
000011100100000001100100010001001010000100000011001001001010010010000000111110100000000011101100001100100100  
111011010001101011000100100110110101010111010010001100000010011110100000010100111000101110100000101011001110  
10100100011110010010010101101100010011101101110001000101111001001001111111
000011100100001001101110110001000010010100000001001001001010110011000000111110111000000011100100011100110101
010011010001101010000100000110110001110011010010001111010000011110000000000100111000100100111100001101111111
10110000011110000110110101111001110011111101110001000101111101001001100111
000011100100010001110100110001000010010100000000001001001011011010000000111110111000000010100100001010100101
011001111001101010000100000110110101110110110010001110100010111111100010010000111000100110100010000001001110
10110101011110000110110101010000110011101101110001000101111100000001111101
000001100100010000000000000001000010010100000010000001001001010010000000011100110000000011 111100001000100000 
010001111001101011001100000110010001111011010010101010010000011101100110011100110001100100011100001001011111  
10110101011110011110111101110000010011101101110101010101111101000001101100
000011100100011001110100110001001010010000000001011001100001010010000000111110001000000011100100011100100000
001001111001101010000100000110110101111111000010001100010000111111100010011100111000100110110001001001111111
10110001011101001110101101101000110011101101110001010101111000001001100101
name = Coolgardia
000011100100001011110100010001000010000100000001011001101011010111000000111111101100000010001100011110101011
011001111001101010000100000110110101111111010010011100000000011111100010001100111000100111110001100001111111
10110001011101010010110101010000010011100101110101000101110001001001100101
000011100100001000010110010011000000010100000010000001001011010010010000111111100000000010101100011100100000
011001111001101011000100000110110101111011010011001010000000011110000100000100111001100101010010100011111111
10000011011101011010110101001101010010101101110101000101111101001001100101
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011001010001101011000100000010010101111011010010001111010000111101100100011100111001100111010001001101101111
10110001011111111010111101101001010011100101110101000101111101001001110101
000111100100011011100100110001001111000100000001111001101011110111010000011111111100000110101100011100100000
011011111001101011000100000010010101110011010010001110010000111101100100000100111000100111011100101011111111
10100011011110000110111101111001010011100101110001000101111101001001101101
000010000100011011100100110010000010010100000011100011101011010011000000011110111100000110111100011100100011
011001011001101010001100100010000101100001010010001100010010011100000100000100111000100111010100100011101111
10101001011000110110110101011010010011110101110101000101111101001001100101
000011101100001011100110110010000010000100000010001001101011110111000000111110111100000110111100011100100010
010001111011101110000100000110010101010011010010001110001010111110100100000100101000100110010001100011101111
10100000011110011010110101101001010011100101110001010101011001001001111101
000011100000001001011110010000000010000100000001110011001000010001000000100110010000000000001100011110100000
010001111011101010000100100110010101110111010010101110010010110111000100111110111010101110110000111111111111
10110011011101110010110101010110010011101101110001010101100001001101100111
000011100100010001100110010011000010000000000000101001101010010111000000111110111000000110101100011110100000
011001011101101011100101100110010101110111010010001100010001111111100100111100111000101110010000001001111110
00100001011110100011110101101001010011111001110101000101111001001001100111
000011101100011001100110110001000010000000000001000101101010010011000000111110110000000110011100111110100000
011001111001101010010100000010010101110001010010001111010000111111100100111100111001101101110010011011111110
00110001011110000110111101011001110011101000110100000001111001001001101111
000011000100001001000000110000000010010100000001010000001000010001000000111110100000000000100100011110100000
011001100001101010010100100110110101110111010010001010011000011011100100101000111010101110010011001111111111
10110100011110011110110101111001010011101100110101000101111101001000101111
name = Prospectors Wash
000011000100011011110100110001001010000100100011001000001001011111000000111110110010000010101100011110100101  
000001011101101010100100000110110101110011010110001100010000111111100000111110111001101100110011011011111111
10100011011110110010110101101100110011101100110101000101111101001001100111
000011000000001011000100010000000000010000100001000000000011000001000000111110100100000010101100011100100100
011001010001101010000000000010010100000011010010000100000000011110000000000100111000100110010001100111101111
10110001010110100010110111100001000001101101110001000101111101001001100101
0000111001000110011101101110100000111001001000001100011010110100110000001111101111000000111011OOO11O1O1OOOO1 
011001011111101010000000000000000000100000000000000000000000001110000000000000010000000010000101000000001000
10000001010000000000111101000000000001100100000000000100011100001001100101
000011100100011001100110111000000010000000100000110001101011010011000000111110110100000011101100011100101101
011011011101101011100110000010110101110011010010001100000000111111100000111001110011100111010101000011111111
10110011011110110010101111001000010011101100110101000100111001001001100101
000011100100011001110100110001001111010000100000110010111011010011000000011110111100000111101100011100100000
011111111101111011101110101110010101110011110010001110101000111111100101100101111010100100110101001011111110
00110010011110110110110101001001010011101101110001000100011001001011110101
000011101100011001110100110001001011000100100011100001011011010011000110011110111100101010001100011100100101
010001111101101011100100000110010100110011010010001110010000011111100001101101111000100110110000001111111111
10100010010110110010111001110001110011101101110001000100010101001001110101
000001101100001001100100110001001010000100000000000001011011010011010100111111111100000001101100001110101010
001001110101101010000100100110010100110011100010001100010000011111100001100100111000100110010001000011001111
10110101110110010010110001001101010011101100110001000100111100000001100101
000011100101001011101100110001000011000100100000010000011011010011010000011110111100000110101111001110100000  
011011110101101011000000000110010100110011001000001010010000011101100001001000111000100110110010000001001110  
00100011011100110010110001101001110011101100110101000101111101000001100101
000111101110011011111100110001000010010101101000000001000011010011000000011110001010000101101111000010100000
011001111101101010001100100010010101110000010010001011000000111111101001111101111001101111110010101111111111
10110111011110110110111001001000110011101101110101000101011101001001100101
000001101100001001111110I100010000100001000100I100000I01I0100100I10000000111101I1000000II1101111101100100100 
011011111101101110000101100110011101010011000010001100010000001111100101110000111010101111110011001101111110  
10110111011100101010111001101001010011101101110001000111111111001001001011
name — Brinkman Wash
000001000100010001110100100001001010010100000001001001010011001011000000101010000100000000001100000000100000  
011001000000001010111111100011110110110001000010011101000000011111100111100101111000101100010011001011111110  
10110000011101110110110001111000010001101100110001000001110111001001100001
000011000100010011110101110001000110010101100001110001011011011011010000111110111000000110001100000100100101
011011011100101011000001100000010100100001000010000100010000111111100001010100111010010111110101100111101110
10100011000000100110110000010000000001101100110001000000101001001001100011
174
000011101100001001100100111011000010010101100010000001111011010011000000011111111110000010101100001100100110
011011111101101011000100000110010101110010010010001100010000011111100101001000111000101111110011001011111110
OOlIOOlOOllllOlllOIOllllOIOOlIOlOIOOOllOllOOlIOOOlOOOlllllOOOIOIOOOllOOlIl
000011100100001001001101011001000010000101100010001001011011011011000000111011101000000101101100011110101111
011011011001101110010111100010110101110011010010001110010000111110000001011100111000101111100011101011111110
00100011011110111110110101110100011001101101110101000100111101000101100111
000011100100011001110100110011010010011011000000001001011010010011000000011111111000000111101110011111101101
011111110001111110001110100010010101110100010010011110010000011101100001001100111000100110111110001001111111
10110010011100100011111101100011110001111101110101000110111101001001110101
001011100100011001100110110011010010001111011001001001111011010011000000011111111100000111111110011111101100
011111111001101111000100100010010101110011010010001110000000111110000001101100111000100100100011100011111110
10100011011110110110111101010001110001101100110001000100110001001001100100
101011100100011001110110110001010010001101000001010001111011110111010000111111101000000111101110011101101101
111111110101101111001111101010010101110111010010001111110110111110000001111101111000101111110010011111111111
11110011011110111010111101010101010001101100110001000101110001011001100101
010011101100011001110110110001010010000100000001000001111011110011001001001111111100000111101110011111101101
011111110101111110000001100010110101110011010010001110010000111111100001111000111000100110100000001001011110
10100011010110111010111101010100010001101100110101000000111001001001100101
010011111100011001100100110010001010010100100000000001101010010111001000111111001000000011100110011010100101  
011111011111101000100000100010110000110001000010011100000000111110100101110100111001101111110101001111111110  
00100000001110100010011100011000010001101100110101000101110001001001100100
name = Goldstone
000111110100011011111100110011000010001101100010010001111010010111000100111110111110011010001110011101101101
111111110001101110010111100010011011111011110010101110000010101010100101010101111010100101110001101011111110
00110101011110111111111101110110110011101100110011000001011101001001110101
000011110100011011100110111011001010011101000000001001011011010011000100111110111000011010101110011011101101
111111111011111110100101000010010011100010110010001100010010010100000011000101111011100101110011000011101110
01110001011110100011111101110001010011100100110001000101011101001001110111
010001100100010011100100110001010010000100000011000000011111010011001100111110001110011001101100011000000001
110111111001110010100000000110010001000011000000101100010100111110100011111001111011100111000001100001001010
10000101000100000110111101000100010111010111110011100101111101001001101110
010011100100010001100110110001010011101100100000000001011011010111001000111110111000001011101100010100100000
OlllOlOllOOllOlllllOOllllOOllOOlOllOllllllOlOOlOlllllOllOOllllOlllIOOlllIlllOllllOlOlOIlIOllOlIOIOlOllIIIlll
11110111011110111010110001101100010011111101110001000101111001001001111100
000001010100010101100110111101000010001001110010010001011010010111000000110110111101001011101111011111101110
111111110111111110000100000111010110100010000010001110010000011110000001001001111000101100010000000011111110
00100111011101101010110001101010000011001100110001000100001101101001100111
000011001100011011100110111111110011111000100110001001011011010011001000110110111110011111101100011111101100
111111110111111111010100000110000110111011010010011110000000110111100001001101111000101110110011101011111111
11110111011110100010110001101101010001101110111001000001111101111001110111
010011100100111001100111111011010010001111100010010001111011110011001000111110111000011110101100111110101110
101111111101111111010100100110110110010011000010011110000000111110010011011101111001101100010101101010101110
10100011011110100010110001101100010011101100111001000101111001101001110101
OOOOllOlOlOOOllOlllOOllOlllOllOlOOlOOlllOllOOOllOllOlllllOllOiOOllOOOlOOlllllOIllOOlOlllOOlOlllOlllllOlOllOO
110101111001011011010100110110100111011010010110001100000110111110000011111001111001101100111000001011101111
11100110111110100010111001100011110011111101111001001001111101101001111101
000011010100011011110110111001010010001101110001110001011010010111000000011110111100011111101110111010101110
111101110001111010000100100010110110110011000010011110110101110111100011111101111100101111110001001011111111
11110110011110010010111001111100010011101101111001000100111001101011110111
000011111100011011100111110100011011001110110010011001011111010011000000111110111100000111101110011110011110
101111011111111010000100100110010110110111000010001111010111110110100001011000111000101100010000100011101110
01110000011110110110110001000101110001101101110001000100111101101001010101
175
Input File for PAUP 4.01b
#NEXUS
Begin Data;
Dimensions ntax=49 nchai=290;
Format missing=?
Symbols="01"
Interleave=no datatype=protein gap=
Matrix
Lm_12
000111000100001001100100010011001010010100000001110001001011010010000000111110000000000011101100001110100001
011010011001101010000100000111110101110010110010001100010010111110000100111100111001100100110100001011111111
10100110011111110110111101101101110011111101110101000101111101101011101111
Lm_13
000010100100010001000100100001000001000100000001011001001011011010010000111110110000000001101000001110100001  
011011010001101010000100000110011101110011110010001010010000001111100000000100110001100101110100000001111110  
00100011010110110110110111100110010011111101110001000001110001001001100111
Lm_14
000011100100010001110100110011001010000000000011110001001010011010000000111111111100000110011100011010100001
011011111011101010000100000011110101110001010010001110010000111011100001001100111001100111110000111001111110
00110011011110011110011101100101110011101101110101000101111001001001110101
Lm_15
000011101100001001000100010001001011010100000010010001101010010010000000111110100000000000100100001100100100
011001010001101111000100010110110101110011110010001100010000011111100000010100110001100110100100101001101110
00100111011110011110110101110001110011100101110101010101111001001001001101
Lm_16
000011000100000001100100010001000010000100000011000001101011010010100000011110100100000000100100001110100100
011001011001101011000100100110110101110010010010001100110000011111000000000100111001100100110100001001010010
10010000011110001010110101100010010011111101110101000101101101001001100101
Lm_17
000011100100000001100100010001001010000100000011001001001010010010000000111110100000000011101100001100100100  
111011010001101011000100100110110101010111010010001100000010011110100000010100111000101110100000101011001110  
10100100011110010010010101101100010011101101110001000101111001001001111111
Lm_18
000011100100001001101110110001000010010100000001001001001010110011000000111110111000000011100100011100110101
010011010001101010000100000110110001110011010010001111010000011110000000000100111000100100111100001101111111
10110000011110000110110101111001110011111101110001000101111101001001100111
Lm_19
000011100100010001110100110001000010010100000000001001001011011010000000111110111000000010100100001010100101  
011001111001101010000100000110110101110110110010001110100010111111100010010000111000100110100010000001001110  
10110101011110000110110101010000110011101101110001000101111100000001111101
Lm_20
000001100100010000000000000001000010010100000010000001001001010010000000011100110000000011111100001000100000
010001111001101011001100000110010001111011010010101010010000011101100110011100110001100100011100001001011111
10110101011110011110111101110000010011101101110101010101111101000001101100
176
Lm_21
000011100100011001110100110001001010010000000001011001100001010010000000111110001000000011100100011100100000
001001111001101010000100000110110101111111000010001100010000111111100010011100111000100110110001001001111111
10110001011101001110101101101000110011101101110001010101111000001001100101
Cg_10
000011100100001011110100010001000010000100000001011001101011010111000000111111101100000010001100011110101011
011001111001101010000100000110110101111111010010011100000000011111100010001100111000100111110001100001111111
10110001011101010010110101010000010011100101110101000101110001001001100101
CgLll
000011100100001000010110010011000000010100000010000001001011010010010000111111100000000010101100011100100000  
011001111001101011000100000110110101111011010011001010000000011110000100000100111001100101010010100011111111  
10000011011101011010110101001101010010101101110101000101111101001001100101
CgJ2
000011100100001001110100010011000010010100000001000001001010010010000000011111100100000000100100111100100000
011001010001101011000100000010010101111011010010001111010000111101100100011100111001100111010001001101101111
10110001011111111010111101101001010011100101110101000101111101001001110101
CgJ3
000111100100011011100100110001001111000100000001111001101011110111010000011111111100000110101100011100100000
011011111001101011000100000010010101110011010010001110010000111101100100000100111000100111011100101011111111
10100011011110000110111101111001010011100101110001000101111101001001101101
CgJ4
000010000100011011100100110010000010010100000011100011101011010011000000011110111100000110111100011100100011
011001011001101010001100100010000101100001010010001100010010011100000100000100111000100111010100100011101111
1010100101100011011011010101101001001111010111010100010I11110I001001100I01
Cg_15
000011101100001011100110110010000010000100000010001001101011110111000000111110111100000110111100011100100010  
010001111011101110000100000110010101010011010010001110001010111110100100000100101000100110010001100011101111  
10100000011110011010110101101001010011100101110001010101011001001001111101
Cg_16
000011100000001001011110010000000010000100000001110011001000010001000000100110010000000000001100011110100000  
010001111011101010000100100110010101110111010010101110010010110111000100111110111010101110110000111111111111  
10110011011101110010110101010110010011101101110001010101100001001101100111
Cg_17
000011100100010001100110010011000010000000000000101001101010010111000000111110111000000110101100011110100000
011001011101101011100101100110010101110111010010001100010001111111100100111100111000101110010000001001111110
00100001011110100011110101101001010011111001110101000101111001001001100111
CgJ8
000011101100011001100110110001000010000000000001000101101010010011000000111110110000000110011100111110100000
011001111001101010010100000010010101110001010010001111010000111111100100111100111001101101110010011011111110
OOllOOOlOllllOOOOllOllllOlOllOOlllOOlllOlOOOllOlOOOOOOOllllOOlOOlOOllOllll
Cg_19
000011000100001001000000110000000010010100000001010000001000010001000000111110100000000000100100011110100000
011001100001101010010100100110110101110111010010001010011000011011100100101000111010101110010011001111111111
10110100011110011110110101111001010011101100110101000101111101001000101111
177
Pwll
000011000100011011110100110001001010000100100011001000001001011111000000111110110010000010101100011110100101
000001011101101010100100000110110101110011010110001100010000111111100000111110111001101100110011011011111111
10100011011110110010110101101100110011101100110101000101111101001001100111
Pw_12
000011000000001011000100010000000000010000100001000000000011000001000000111110100100000010101100011100100100
011001010001101010000000000010010100000011010010000100000000011110000000000100111000100110010001100111101111
10110001010110100010110111100001000001101101110001000101111101001001100101
Pw_13
000011100100011001110110111010000011100100100000110001101011010011000000111110111100000011101100011010100001  
011001011111101010000000000000000000100000000000000000000000001110000000000000010000000010000101000000001000  
10000001010000000000111101000000000001100100000000000100011100001001100101
Pw_14
000011100100011001100110111000000010000000100000110001101011010011000000111110110100000011101100011100101101
011011011101101011100110000010110101110011010010001100000000111111100000111001110011100111010101000011111111
10110011011110110010101111001000010011101100110101000100111001001001100101
Pw_15
000011100100011001110100110001001111010000100000110010111011010011000000011110111100000111101100011100100000
011111111101111011101110101110010101110011110010001110101000111111100101100101111010100100110101001011111110
00110010011110110110110101001001010011101101110001000100011001001011110101
Pw_16
000011101100011001110100110001001011000100100011100001011011010011000110011110111100101010001100011100100101
010001111101101011100100000110010100110011010010001110010000011111100001101101111000100110110000001111111111
10100010010110110010111001110001110011101101110001000100010101001001110101
Pw_17
000001101100001001100100110001001010000100000000000001011011010011010100111111111100000001101100001110101010
001001110101101010000100100110010100110011100010001100010000011111100001100100111000100110010001000011001111
10110101110110010010110001001101010011101100110001000100111100000001100101
Pw_18
000011100101001011101100110001000011000100100000010000011011010011010000011110111100000110101111001110100000  
011011110101101011000000000110010100110011001000001010010000011101100001001000111000100110110010000001001110  
00100011011100110010110001101001110011101100110101000101111101000001100101
Pw_19
000111101110011011111100110001000010010101101000000001000011010011000000011110001010000101101111000010100000  
011001111101101010001100100010010101110000010010001011000000111111101001111101111001101111110010101111111111  
10110111011110110110111001001000110011101101110101000101011101001001100101
Pw_20
000001101100001001111110110001000010000100010011000001011010010011000000011110111000000111101111101100100100
011011111101101110000101100110011101010011000010001100010000001111100101110000111010101111110011001101111110
10110111011100101010111001101001010011101101110001000111111111001001001011
Bw_10
000001000100010001110100100001001010010100000001001001010011001011000000101010000100000000001100000000100000  
011001000000001010111111100011110110110001000010011101000000011111100111100101111000101100010011001011111110  
10110000011101110110110001111000010001101100110001000001110111001001100001
178
Bw_12
000011000100010011110101110001000110010101100001110001011011011011010000111110111000000110001100000100100101  
011011011100101011000001100000010100100001000010000100010000111111100001010100111010010111110101100111101110  
10100011000000100110110000010000000001101100110001000000101001001001100011
Bw_13
000011101100001001100100111011000010010101100010000001111011010011000000011111111110000010101100001100100110
011011111101101011000100000110010101110010010010001100010000011111100101001000111000101111110011001011111110
00110010011110111010111101001101010001101100110001000111110001010001100111
Bw_15
000011100100001001001101011001000010000101100010001001011011011011000000111011101000000101101100011110101111
0110110110011011100101111000101101011100110100100011100100001111100000010111001U000101111100011101011111110
00100011011110111110110101110100011001101101110101000100111101000101100111
Bw_16
000011100100011001110100110011010010011011000000001001011010010011000000011111111000000111101110011111101101
011111110001111110001110100010010101110100010010011110010000011101100001001100111000100110111110001001111111
10110010011100100011111101100011110001111101110101000110111101001001110101
Bw_17
001011100100011001100110110011010010001111011001001001111011010011000000011111111100000111111110011111101100
OllllllllOOllOllllOOOlOOlOOOlOOlOlOlllOOllOlOOlOOOlllOOOOOOOlllllOOOOOOllOllOOlllOOOlOOlOOlOOOlllOOOlllllllO
10100011011110110110111101010001110001101100110001000100110001001001100100
Bwl8
101011100100011001110110110001010010001101000001010001111011110111010000111111101000000111101110011101101101
111111110101101111001111101010010101110111010010001111110110111110000001111101111000101111110010011111111111
11110011011110111010111101010101010001101100110001000101110001011001100101
Bw_19
010011101100011001110110110001010010000100000001000001111011110011001001001111111100000111101110011111101101  
011111110101111110000001100010110101110011010010001110010000111111100001111000111000100110100000001001011110  
10100011010110111010111101010100010001101100110101000000111001001001100101
Bw_20
010011111100011001100100110010001010010100100000000001101010010111001000111111001000000011100110011010100101
011111011111101000100000100010110000110001000010011100000000111110100101110100111001101111110101001111111110
00100000001110100010011100011000010001101100110101000101110001001001100100
Gs_ll
000111110100011011111100110011000010001101100010010001111010010111000100111110111110011010001110011101101101
111111110001101110010111100010011011111011110010101110000010101010100101010101111010100101110001101011111110
00110101011110111111111101110110110011101100110011000001011101001001110101
Gs_12
000011110100011011100110111011001010011101000000001001011011010011000100111110111000011010101110011011101101
111111111011111110100101000010010011100010110010001100010010010100000011000101111011100101110011000011101110
01110001011110100011111101110001010011100100110001000101011101001001110111
Gs_13
010001100100010011100100110001010010000100000011000000011111010011001100111110001110011001101100011000000001
110111111001110010100000000110010001000011000000101100010100111110100011111001111011100111000001100001001010
10000101000100000110111101000100010111010111110011100101111101001001101110
179
Gs_14
010011100100010001100110110001010011101100100000000001011011010111001000111110111000001011101100010100100000
011101011001101111100111100110010110111111010010111110110011110111100111111101111010101110110110101011111111
11110111011110111010110001101100010011111101110001000101111001001001111100
Gs_15
000001010100010101100110111101000010001001110010010001011010010111000000110110111101001011101111011111101110
111111110111111110000100000111010110100010000010001110010000011110000001001001111000101100010000000011111110
00100111011101101010110001101010000011001100110001000100001101101001100111
Gs_16
000011001100011011100110111111110011111000100110001001011011010011001000110110111110011111101100011111101100
111111110111111111010100000110000110111011010010011110000000110111100001001101111000101110110011101011111111
11110111011110100010110001101101010001101110111001000001111101111001110111
Gs_17
010011100100111001100111111011010010001111100010010001111011110011001000111110111000011110101100111110101110
101111111101111111010100100110110110010011000010011110000000111110010011011101111001101100010101101010101110
10100011011110100010110001101100010011101100111001000101111001101001110101
Gs_18
OOOOllOlOlOOOllOlllOOllOlllOllOlOOlOOlllOllOOOllOllOlllllOllOlOOllOOOlOOlllllOlllOOlOlllOOlOlllOlllllOlOllOO
110101111001011011010100110110100111011010010110001100000110111110000011111001111001101100111000001011101111
11100110111110100010111001100011110011111101111001001001111101101001111101
Gs_19
000011010100011011110110111001010010001101110001110001011010010111000000011110111100011111101110111010101110
111101110001111010000100100010110110110011000010011110110101110111100011111101111100101111110001001011111111
IlllOIlOOllllOOlOOlOlllOOlllllOOOlOOIllOllOllllOOlOOOlOOlllOOIlOlOllllOlll
Gs_20
000011111100011011100111110100011011001110110010011001011111010011000000111110111100000111101110011110011110
101111011111111010000100100110010110110111000010001111010111110110100001011000111000101100010000100011101110
01110000011110110110110001000101110001101101110001000100111101101001010101
end;
180
Input File for the R Package
Lm_12 00011100010000100110010001001100101001010000000111000100101101001000 
000011111000000000001110110000111010000101101001100110101000010000011111 
010111001011001000110001001011111000010011110011100110010011010000101111
111110100110011111110110111101101101110011111101110101000101111101101011
101111
Lm_13 00001010010001000100010010000100000100010000000101100100101101101001 
000011111011000000000110100000111010000101101101000110101000010000011001
110111001111001000101001000000111110000000010011000110010111010000000111 
111000100011010110110110110111100110010011111101110001000001110001001001 
1001 1 1
Lm_14 00001110010001000111010011001100101000000000001111000100101001101000 
000011111111110000011001110001101010000101101111101110101000010000001111 
010111000101001000111001000011101110000100110011100110011111000011100111
111000110011011110011110011101100101110011101101110101000101111001001001
110101
Lm_15 00001110110000100100010001000100101101010000001001000110101001001000 
000011111010000000000010010000110010010001100101000110111100010001011011 
010111001111001000110001000001111110000001010011000110011010010010100110
111000100111011110011110110101110001110011100101110101010101111001001001
001101
Lm_16 00001100010000000110010001000100001000010000001100000110101101001010 
000001111010010000000010010000111010010001100101100110101100010010011011 
010111001001001000110011000001111100000000010011100110010011010000100101 
001010010000011110001010110101100010010011111101110101000101101101001001 
100101
Lm_1700001110010000000110010001000100101000010000001100100100101001001000 
000011111010000000001110110000110010010011101101000110101100010010011011 
010101011101001000110000001001111010000001010011100010111010000010101100 
111010100100011110010010010101101100010011101101110001000101111001001001 linn
Lm_18 00001110010000100110111011000100001001010000000100100100101011001100 
000011111011100000001110010001110011010101001101000110101000010000011011 
000111001101001000111101000001111000000000010011100010010011110000110111 
111110110000011110000110110101111001110011111101110001000101111101001001 
1001 1 1
Lm_19 00001110010001000111010011000100001001010000000000100100101101101000 
000011111011100000001010010000101010010101100111100110101000010000011011 
010111011011001000111010001011111110001001000011100010011010001000000100 
111010110101011110000110110101010000110011101101110001000101111100000001 
111101
Lm_20 00000110010001000000000000000100001001010000001000000100100101001000 
000001110011000000001111110000100010000001000111100110101100110000011001 
000111101101001010101001000001110110011001110011000110010001110000100101
111 1 1011010101 1 1 1001 1 1 101 1 1 101 11000001001 1 101 1011 10101010101 1 1 1 101000001
101100
Lm_21 00001110010001100111010011000100101001000000000101100110000101001000 
000011111000100000001110010001110010000000100111100110101000010000011011 
010111111100001000110001000011111110001001110011100010011011000100100111 
111110110001011101001110101101101000110011101101110001010101111000001001 
100101
Cg_10 00001110010000101111010001000100001000010000000101100110101101011100 
000011111110110000001000110001111010101101100111100110101000010000011011
181
010111111101001001110000000001111110001000110011100010011111000110000111
111110110001011101010010110101010000010011100101110101000101110001001001
100101
Cg_ll 00001110010000100001011001001100000001010000001000000100101101001001 
000011111110000000001010110001110010000001100111100110101100010000011011 
010111101101001100101000000001111000010000010011100110010101001010001111
111110000011011101011010110101001101010010101101110101000101111101001001
100101
Cg_12 00001110010000100111010001001100001001010000000100000100101001001000 
000001111110010000000010010011110010000001100101000110101100010000001001 
010111101101001000111101000011110110010001110011100110011101000100110110
111110110001011111111010111101101001010011100101110101000101111101001001
110101
Cg_13 00011110010001101110010011000100111100010000000111100110101111011101 
000001111111110000011010110001110010000001101111100110101100010000001001 
010111001101001000111001000011110110010000010011100010011101110010101111 
111110100011011110000110111101111001010011100101110001000101111101001001 
101101
Cg_14 00001000010001101110010011001000001001010000001110001110101101001100 
000001111011110000011011110001110010001101100101100110101000110010001000 
010110000101001000110001001001110000010000010011100010011101010010001110 
111110101001011000110110110101011010010011110101110101000101111101001001 
100101
Cg_15 00001110110000101110011011001000001000010000001000100110101111011100 
000011111011110000011011110001110010001001000111101110111000010000011001 
010101001101001000111000101011111010010000010010100010011001000110001110 
111110100000011110011010110101101001010011100101110001010101011001001001 
111101
Cg_16 00001110000000100101111001000000001000010000000111001100100001000100 
000010011001000000000000110001111010000001000111101110101000010010011001 
010111011101001010111001001011011100010011111011101010111011000011111111 
111110110011011101110010110101010110010011101101110001010101100001001101 
100111
Cg_17 000011100100010001100110010011000010000000000000101001101 01001011100 
000011111011100000011010110001111010000001100101110110101110010110011001 
010111011101001000110001000111111110010011110011100010111001000000100111 
111000100001011110100011110101101001010011111001110101000101111001001001 
100111
Cg_18 00001110110001100110011011000100001000000000000100010110101001001100 
000011111011000000011001110011111010000001100111100110101001010000001001 
010111000101001000111101000011111110010011110011100110110111001001101111 
111000110001011110000110111101011001110011101000110100000001111001001001 
101111
Cg_19 00001100010000100100000011000000001001 010000000101000000100001000100 
000011111010000000000010010001111010000001100110000110101001010010011011 
010111011101001000101001100001101110010010100011101010111001001100111111
111110110100011110011110110101111001010011101100110101000101111101001000 
101111
Pw_ll 00001 100010001101111010011000100101000010010001100100000100101111100 
000011111011001000001010110001111010010100000101110110101010010000011011 
010111001101011000110001000011111110000011111011100110110011001101101111 
111110100011011110110010110101101100110011101100110101000101111101001001 
1001 1 1
Pw_12 00001100000000101100010001000000000001000010000100000000001100000100 
000011111010010000001010110001110010010001100101000110101000000000001001
182
010000001101001000010000000001111000000000010011100010011001000110011110
111110110001010110100010110111100001000001101101110001000101111101001001
100101
Pw_13 00001110010001100111011011101000001110010010000011000110101101001100 
000011111011110000001110110001101010000101100101111110101000000000000000 
000010000000000000000000000000111000000000000001000000001000010100000000 
100010000001010000000000111101000000000001100100000000000100011100001001 
100101
Pw_14 0 00 0 1 110010001100110011011100000001000000010000011000110101101001100 
000011111011010000001110110001110010110101101101110110101110011000001011 
010111001101001000110000000011111110000011100111001110011101010100001111 
111110110011011110110010101111001000010011101100110101000100111001001001 
100101
Pw_15 00001110010001100111010011000100111101000010000011001011101101001100
000001111011110000011110110001110010000001111111110111101110111010111001
010111001111001000111010100011111110010110010111101010010011010100101111
111000110010011110110110110101001001010011101101110001000100011001001011
110101
Pw_16 00001110110001100111010011000100101100010010001110000101101101001100 
011001111011110010101000110001110010010101000111110110101110010000011001 
010011001101001000111001000001111110000110110111100010011011000000111111 
111110100010010110110010111001110001110011101101110001000100010101001001 
110101
Pw_17 00000110110000100110010011000100101000010000000000000101101101001101
010011111111110000000110110000111010101000100111010110101000010010011001
010011001110001000110001000001111110000110010011100010011001000100001100
111110110101110110010010110001001101010011101100110001000100111100000001
100101
Pw_18 00001110010100101110110011000100001100010010000001000001101101001101
000001111011110000011010111100111010000001101111010110101100000000011001
010011001100100000101001000001110110000100100011100010011011001000000100
111000100011011100110010110001101001110011101100110101000101111101000001
100101
Pw_19 00011110111001101111110011000100001001010110100000000100001101001100 
000001111000101000010110111100001010000001100111110110101000110010001001 
010111000001001000101100000011111110100111110111100110111111001010111111 
111110110111011110110110111001001000110011101101110101000101011101001001 
100101
Pw_20 00000110110000100111111011000100001000010001001100000101101001001100 
000001111011100000011110111110110010010001101111110110111000010110011001 
110101001100001000110001000000111110010111000011101010111111001100110111 
111010110111011100101010111001101001010011101101110001000111111111001001 
001011
Bw_10 00000100010001000111010010000100101001010000000100100101001100101100
000010101000010000000000110000000010000001100100000000101011111110001111
011011000100001001110100000001111110011110010111100010110001001100101111
111010110000011101110110110001111000010001101100110001000001110111001001
100001
Bw_12 00001100010001001111010111000100011001010110000111000101101101101101 
000011111011100000011000110000010010010101101101110010101100000110000001 
010010000100001000010001000011111110000101010011101001011111010110011110 
111010100011000000100110110000010000000001101100110001000000101001001001 
100011
Bw_13 00001110110000100110010011101100001001010110001000000111101101001100 
000001111111111000001010110000110010011001101111110110101100010000011001
183
010111001001001000110001000001111110010100100011100010111111001100101111
111000110010011110111010111101001101010001101100110001000111110001010001
100111
Bw_1500001110010000100100110101100100001000010110001000100101101101101100 
000011101110100000010110110001111010111101101101100110111001011110001011 
010111001101001000111001000011111000000101110011100010111110001110101111 
111000100011011110111110110101110100011001101101110101000100111101000101 
1001 1 1
Bw_16 00001110010001100111010011001101001001101100000000100101101001001100 
000001111111100000011110111001111110110101111111000111111000111010001001 
010111010001001001111001000001110110000100110011100010011011111000100111
111110110010011100100011111101100011110001111101110101000110111101001001
110101
Bw_17 00101110010001100110011011001101001000111101100100100111101101001100 
000001111111110000011111111001111110110001111111100110111100010010001001 
010111001101001000111000000011111000000110110011100010010010001110001111 
11101010001101111011011011110101000111000110110.0110001000100110001001001 
100100
Bw_18 101011100100 01100111011011000101001000110100000101000111101111011101 
000011111110100000011110111001110110110111111111010110111100111110101001 
010111011101001000111111011011111000000111110111100010111111001001111111 
111111110011011110111010111101010101010001101100110001000101110001011001
100101
Bw_19 010011101100011001110110110001010010000100 00000100000111101111001100 
100100111111110000011110111001111110110101r11111010111111000000110001011
010111001101001000111001000011111110000111100011100010011010000000100101
111010100011010110111010111101010100010001101100110101000000111001001001
100101
Bw_20 01001111110001100110010011001000101001010010000000000110101001011100 
100011111100100000001110011001101010010101111101111110100010000010001011 
000011000100001001110000000011111010010111010011100110111111010100111111 
111000100000001110100010011100011000010001101100110101000101110001001001 
100100
Gs_ll 0001111101 0001101111110011001100001000110110001001000111101001011100 
010011111011111001101000111001110110110111111111000110111001011110001001 
101111101111001010111000001010101010010101010111101010010111000110101111 
111000110101011110111111111101110110110011101100110011000001011101001001 
110101
Gs_12 00001111010001101110011011101100101001110100000000100101101101001100 
010011111011100001101010111001101110110111111111101111111010010100001001 
001110001011001000110001001001010000001100010111101110010111001100001110 
111001110001011110100011111101110001010011100100110001000101011101001001 
110111
Gs_13 01000110010001001110010011000101001000010000001100000001111101001100 
110011111000111001100110110001100000000111011111100111001010000000011001 
000100001100000010110001010011111010001111100111101110011100000110000100 
101010000101000100000110111101000100010111010111110011100101111101001001 
101110
Gs_14 0100111001000100011001101100010100111011001 0 000000000101101101011100 
100011111011100000101110110001010010000001110101100110111110011110011001 
011011111101001011111011001111011110011111110111101010111011011010101111 
111111110111011110111010110001101100010011111101110001000101111001001001 
111100
Gs_15 00000101010001010110011011110100001000100111001001000101101001011100 
000011011011110100101110111101111110111011111111011111111000010000011101
184
011010001000001000111001000001111000000100100111100010110001000000001111
111000100111011101101010110001101010000011001100110001000100001101101001 
1001 1 1
Gs_16 00001100110001101110011011111111001111100010011000100101101101001100
100011011011111001111110110001111110110011111111011111111101010000011000
011011101101001001111000000011011110000100110111100010111011001110101111
111111110111011110100010110001101101010001101110111001000001111101111001
110111
Gs_17 01001110010011100110011111101101001000111110001001000111101111001100
100011111011100001111010110011111010111010111111110111111101010010011011
011001001100001001111000000011111001001101110111100110110001010110101010
111010100011011110100010110001101100010011101100111001000101111001101001
110101
Gs_18 0000110101000110111001101110110 1001001110110001101101111101101001100 
010011111011100101110010111011111010110011010111100101101101010011011010 
011101101001011000110000011011111000001111100111100110110011100000101110 
111111100110111110100010111001100011110011111101111001001001111101101001 
111101
Gs_19 00001101010001101111011011100101001000110111000111000101101001011100 
000001111011110001111110111011101010111011110111000111101000010010001011 
011011001100001001111011010111011110001111110111110010111111000100101111 
111111110110011110010010111001111100010011101101111001000100111001101011 
110 111
Gs_20 00001111110001101110011111010001101100111011001001100101111101001100 
000011111011110000011110111001111001111010111101111111101000010010011001 
011011011100001000111101011111011010000101100011100010110001000010001110 
111001110000011110110110110001000101110001101101110001000100111101101001 
010101
185
REFERENCES CITED
Alexander JA, Liston A, Popovich SJ. 2004. Genetic
diversity of the narrow endemic Astragalus oniciformis
(Fabaceae). American Journal of Botany 91(12):2004-
2012.
Avise JC. 1991. Ten unorthodox perspectives on evolution
prompted by comparative population genetic findings on
mitochondrial DNA. Annu. Rev. Genet. 25:45-69.
__________ . 1998. The history and purview of
phylogeography: a personal reflection. Molecular
Ecology 7:371-379.
__________ . 2000. Phylogeography: the History and
Formation of Species. Cambridge, Massachusetts:
Harvard University Press. 447 pages.
__________ . 2004. Molecular Markers, Natural History and
Evolution, 2nd Edition. New York: Chapman & Hall. 684
pages.
Barneby RC. 1964. Atlas of North American Astragalus,
Part 1, the Phacoid and Homaloboid Astragali. Memoirs
of the New York Botanical Garden, Volume 13.
Barrett SCH, Kohn JR. 1991. Genetic and evolutionary
consequences of small population size in plants:
implications for conservation. In: Falk DA and
186
Holsinger KE, editors. Genetics and Conservation of
Rare Plants. Oxford: Oxford University press. Pages
1-30.
Bateman AJ. 1947. Contamination of seed crops. I. Insect
pollination. Journal of Genetics 48:257-275.
Bayer RJ, Soltis DE, Soltis PS. 1996. Phylogenetic
inferences in Antennaria (Asteraceae: Inuleae:
Gnaphaliinae) based on sequences from the nuclear
ribosomal DNA internal transcribed spacers (ITS).
American Journal of Botany 83:516-527.
Bermingham E, Moritz C. 1998. Comparative phylogeography
concepts and applications. Molecular Ecology 7:367-
369.
Berres ME. 2002. Studies in Avian Population Genetic
Structure. < http://ravel.zoology.wise.edu/sgaap/>.
Accessed July 5, 2004.
Birky CW. 1978. Transmission genetics of mitochondria
and chloroplasts. Annual Review of Genetics 12:471-
512.
Brown WM. 1981. Mechanisms of evolution in animal
mitochondrial DNA. Ann. N.Y. Acad. Sci. 361:119-134.
Casgrain P, Legendre P. 2001. The R-Package for
187
Multivariate and Spatial Analysis, version 4.0d6 -
users manual. Departement de Sciences Biologiques.
Universite de Montreal. Available on the world wide
web: Chttp://www.fas.umontreal.ca/BIOL/legendre/>. 
Cavalli-Sforza LL, Edwards AWF. 1967. Phylogenetic
analysis: models and estimation procedures. American
Journal of Human Genetics 19:233-257.
Chiang TY, Chiang YC, Chen YJ, Chou CH, Havanond S, Hong
TN, Huang S. 2001. Phylogeography of Kandelia candel
in East Asiatic mangroves based on nucleotide
variation of chloroplast and mitochondrial DNAs.
Molecular Ecology 10:2697-2710.
Chiang YC, Schaal BA, Ge YJ, Chiang TY. 2004. Range
expansion leading to departures from neutrality in the
nonsymbiotic hemoglobin gene and the cpDNA trnL-trnF
intergenic spacer in Trema dielsiana (Ulmaceae).
Molecular Phylogenetics and Evolution '31: 929-942.
Chung MA, Gelembiuk G, Givnish TJ. 2004. Population
genetics and phylogeography of endangered Ocytropis
campestris var. chartacea and relatives: arctic-alpine
disjuncts in eastern North America. Molecular Ecology
13:3657-3673.
Despres L, Loriot S, Gaudeul M. 2002. Geographic pattern
188
of genetic variation in the European globeflower
Trollius europaeus L. (Ranunculaceae) inferred from 
amplified fragment length polymorphism markers.
Molecular Ecology 11:2337-2347.
Despres L, Gielly L, Redoutet B, Taberlet P. 2003). Using 
AFLP to resolve phylogenetic relationships in a
morphologically diversified plant species complex when
nuclear and chloroplast sequences fail to reveal
variability. Molecular Phylogenetics and Evolution
27:185-196.
Dobes CH, Mitchell-Olds T, Koch MA. 2004. Extensive
chloroplast haplotype variation indicates Pleistocene
hybridization and radiation of North American Arabis
drummondii, A. x divaricarpa, and A. holboellii
(Brassicaceae). Molecular Ecology 13:349-370.
Dong J, Wagner DB, Yanchuk AD, Carlson MR, Magnussen S,
Wang X-R, Szmidt AE. 1992. Paternal chloroplast DNA
inheritance in Pinus contorta and Pinus banksiana:
independence of parental species or cross direction.
Journal of Heredity 83:419-422.
Donini P, Elias ML, Bougourd SM, Koebner RMD. 1997. AFLP
189
fingerprinting reveals pattern differences between
template DNA extracted from different plant organs.
Genome 40:521-526.
Dover GA. 1986. Molecular drive in multigene families: 
how biological novelties arise, spread and are
assimilated. Trends in Genetics 2:159-165.
Doyle JJ, Doyle JL. 1987. A rapid DNA isolation procedure
for small quantities of fresh leaf tissue.
Phytochemical Bulletin 19(1):11-15.
Doyle JJ, Doyle JL, Palmer JD. 1995. Multiple independent
losses of two genes and one intron from legume
chloroplast genomes. Systematic Botany 20:272-294
Ellstrand NC, Elam DR. 1993. Population genetic
consequences of small population size: implications
for plant conservation. Annual Review of Ecology and
Systematics 24:217-242.
Epperson BK. 1990. Spatial patterns of genetic variation
within plant populations. In: Brown HD, Clegg MT,
Kahler AL, Weir BS, editors. Plant Population
Genetics, Breeding, and Genetic Resources.
Sunderland, MA: Sinauer Associates, Inc. Pages 229-
253.
Excoffier L, Smouse PE, Quattro JM. 1992. Analysis of
190
molecular variance inferred from metric distances
among DNA haplotypes: application to human
mitochondrial DNA restriction data. Genetics 131:479
491.
Fay MF, Lledo MD, Kornblum MM, Crespo MB. 1999. From the 
waters of Babylon? Populus euphratica in Spain is
clonal and probably introduced. Biodiversity and
Conservation 8: 769-778.
Felsenstein J. 1978. Cases in which parsimony or
compatibility methods will be positively misleading.
Systematic Zoology 27:401-410.
______________ . 1981. Evolutionary trees from DNA
sequences: a maximum likelihood approach. Journal of
Molecular Evolution 17:368-376.
______________ . 1982. Numerical methods for inferring
evolutionary trees. Quarterly Review of Biology
57:379-404.
______________ . 1993. PHYLIP (Phylogeny Inference
package), version 3.5c. Department of Genetics,
University of Washington, Seattle.
______________ . 2004. Inferring Phylogenies. Sunderland,
Massachusetts: Sinauer Associates Inc. 644 pages.
Fischer M, Matthies D. 1998. RAPD variation in relation
191
to population size and plant fitness in the rare 
Gentianella germanica (Gentianaceae). American
Journal of Botany 85 (6) :811-819.
Frankham R. 1995. Conservation Genetics. Annual Review
of Genetics 29:305-327.
Frankham R, Ballou JD, Briscoe DA. 2002. Introduction to
Conservation Genetics. UK: Cambridge University
Press. 615 pages.
Franzke A, Hurka H, Janssen D, Neuffer B, Friesen N, Markov
M, Mummenhoff K. 2004. Molecular signals for late
Tertiary/Early Quaternary range splits of an Eurasian
steppe plant: Clausia aprica (Brassicaceae).
Molecular Ecology 13:2789-2795.
Fuertes Aguilar J, Rossello JA, Nieto Feliner G. 1999.
Nuclear ribosomal DNA (nrDNA) concerted evolution in
natural and artificial hybrids of Armeria
(Plumbaginaceae). Molecular Ecology 8:1341-1346.
Gaudeul M, Taberlet P, Till-Bottraud I. 2000. Genetic
diversity in an endangered alpine plant, Eryngium
alpinum L. (Apiaceae), inferred from amplified
fragment length polymorphism markers. Molecular
Ecology 9:1625-1637.
Ge X-J, Yu Y, Yuan Y-M, Huang H-W, Yan C. 2005. Genetic
192
diversity and geographic differentiation in endangered
Ammopiptanthus (Leguminosae) populations in desert
regions of Northwest China as revealed by ISSR
analysis. Annals of Botany 95:843-851.
Gibson AC, Sharifi MR, Rundel PW. 1998. Ecophysiological
observations on Lane Mountain milk vetch, Astragalus
jaegerianus (Fabaceae). A proposed endangered species
of the Mojave Desert. Aliso 17(l):77-82.
Gillham NW. 1978. Organelle Heredity. New York: Raen
Press. 602 pages.
Hachtel W. 1980. Maternal inheritance of chloroplast DNA
in some Oenothera species. Journal of Heredity
71:191-194.
Halliburton R. 2004. Introduction to Population Genetics.
NJ: Prentice Hall. 650 pages.
Hamrick JL, Godt MJ. 1990. Allozyme diversity in plant
species. In: Brown HD, Clegg MT, Kahler AL, Weir BS,
editors. Plant Population Genetics, Breeding, and
Genetic Resources. Sunderland, MA: Sinauer
Associates, Inc. Pages 43-63.
Hamrick JL, Linhart YB, Mitton JB. 1979. Relationships
193
between life history characteristics and
electrophoretically-detectable genetic variation in 
plants. Annu. Rev. Ecol. Syst. 10:173-200.
Hamrick JL, Godt MJW, Murawski DA, Loveless MD. 1991.
Correlations between species traits and allozyme
diversity: Implications for conservation biology. In:
Falk DA and Holsinger KE, editors. Genetics and
Conservation of Rare-Plants. Oxford: Oxford
University press. Pages 75-86.
Handel SN. 1983. Pollination ecology, plant population
structure, and gene flow. In: Real L, editor.
Pollination Biology. San Diego: Academic Press, Inc.
Pages 163-211.
Harris H. 1966. Enzyme polymorphisms in man. Proceedings
of the Royal Society of London B164:298-310.
Hartl, CL, Clark AG. 1997. Principles of Population
Genetics. Sunderland, Massachusetts: Sinauer
Associates, Inc. 542 pages.
Hartman S, Nason JD, Bhattacharya D. 2001. Extensive
ribosomal DNA genic variation in the columnar cactus
Lophocereus. Journal of Molecular Evolution 53:124-
134.
Hendy MD, Penny D. 1989. A framework for the quantitative
194
study of evolutionary trees. Systematic Zoology
38:297-309.
Hickman JC. 1993. The Jepson Manual, Higher Plants of
California. London: University of California Press.
1400 pages.
Hillis DM, Dixon Mt. 1989. Vertebrate phylogeny: evidence
from 28S ribosomal DNA sequences. In: Fernholm B,
Bremer K, Jornvall H, editors. The Hierarchy of Life.
Amsterdam: Elsevier Science Publishers. Pages 355-
367.
Hillis DM, Allard MW, Miyamoto MM. 1993. Analysis of DNA
sequence data: Phylogenetic inference. Methods in
Enzymology 224:456-487.
Hillis DM, Mabie BK, Larason A, Davis SK, Zimmer EA. 1996.
Nucleic Acids IV: Sequencing and Cloning. In: Hillis
DM, Moritz C, Mabie BK, editors. Molecular
Systematics, 2nd edition. Sunderland, Massachusetts:
Sinauer Associates, Inc. 655 pages.
Holsinger KE, Gottlieb LD. 1991. Conservation of rare and
endangered plants: Principles and prospects. In: Falk
DA and Holsinger KE, editors. Genetics and
Conservation of Rare Plants. Oxford: Oxford
University press. Pages 193-208.
195
Johnson FM, Kanapi CG, Richardson PH, Wheeler MR, Stone WS.
1966. An analysis of polymorphisms among isozyme loci
in dark and light Drosophila ananassae strains from
American and Western Samoa. Proc. Natl. Acad. Sci.
USA 56:119-125.
Johnson LA, Soltis DE. 1994. matK DNA sequences and
phylogenetic reconstruction in Saxifragaceae s.s.
Systematic Botany 19:143-156.
Johnson LA, Soltis DE. 1995. Phylogenetic inference in
Saxifragaceae sensu stricto and Gilia (Polemoniaceae)
using matK sequences. Annals of the Missouri
Botanical Garden 82:149-175.
Johnson LA, Schultz JL, Soltis DE, Soltis PS. 1996.
Monophyly and generic relationships of Polemoniaceae
based on matK sequences. American Journal of Botany
83: 1207-1224.
Jones CJ, Edwards KJ, Castaglione S, Winfield MO, Saia F,
van de Wiel C, Bredemeijer G, Vosman D, Matthes M,
Daly A, Brettschneider R, and others. 1997.
Reproducibility testing of RAPD, AFLP, and SR markers
in plants by a network of European laboratories.
Molecular Breeding 3:381-390.
Juan A, Crespo MB, Cowan RS, Lexer C, Fay MF. 2004.
196
Patterns of variability and gene flow in Medicago
citrine, an endangered endemic of islands in the
western Mediterranean, as revealed by amplified
fragment length polymorphism (AFLP). Molecular
Ecology 13:2679-2690.
Judd WS, Campbell CS, Kellogg EA, Stevens PF, Donoghue MJ.
2002. Plant Systematics A Phylogenetic Approach, 2
edition. Sunderland, Massachusetts: Sinauer
Associates, Inc. 576 pages.
Kalin Arroyo MT. 1981. Breeding systems and pollination
biology in Leguminosae. In: Polhill RM, Raven PH,
editors. Advances in Legume Systematics, Part 2.
Kew, UK: Royal Botanical Gardens. Pages 723-769.
Karron JD. 1987a. The pollination ecology of co-occurring
geographically restricted and widespread species of
Astragalus (Fabaceae). Biological Conservation
39:179-193.
_________ . 1987b. A comparison of levels of genetic
polymorphism and self-compatibility in geographically
restricted and widespread plant congeners.
Evolutionary Ecology 1:47-58.
_________ . 1991. Patterns of genetic variation and
197
breeding systems in rare plant species in genetics and
conservation of rare plants. In: Falk DA, Holsinger
KE, editors. New York: Oxford University Press.
Pages 87-98.
Kearns D. 2002. Distribution and abundance of Lane
Mountain milk vetch (Astragalus jaegerianus): Report
of spring-summer 2001 survey. Prepared for U.S. Army
National Training Center, Contract No. GS09K99BHD0007,
Ft. Irwin, California. 56 pages
Krauss SL, Peakall R. 1998. An evaluation of the AFLP
fingerprinting technique for the analysis of paternity
in natural populations of Persoonis mollis
(Proteaceae). Australian Journal of Botany 46:533-
546.
Lanteri S, Saba E, Cadinu M, Mallica GM, Baghino L, Portis
E. 2004. Amplified fragment length polymorphism for
genetic diversity assessment in globe artichoke.
Theoretical and Applied Genetics 108: 1534-1544.
Leberg PL. 1996. Applications of allozyme electrophoresis
in conservation biology. In: Smith TB, Wayne RK,
editors. Molecular Genetic Approaches in
Conservation. New York: Oxford University Press.
Pages 87-103.
198
Lewontin RC, Hubby JL. 1966. A molecular approach to the
study of genic heterozygosity in natural populations:
II. Amount of variation and degree of heterozygosity
in natural populations of Drosophila pseudoobascura.
Genetics 54: 595-609.
Lihova J, Aguilar JF, Marhold K, Feliner GN. 2004. Origin 
of the disjunct tetraploid Cardamine amporitana
(Brassicaceae) assessed with nuclear and chloroplast
DNA sequence data. American Journal of Botany
91(8):1231-1242.
Lin JJ, Kuo J. 1995. AFLP, a novel PCR-based assay for
plant and bacterial DNA fingerprinting. Focus 17:66-
70.
Linn S, Arber W. 1968. Host specificity of DNA produced
by Escherichia coli X. In vitro restriction of phage
fd replicative form. Proc. Natl. Acad. Sci. USA
59:1300-1306.
Loveless MD, Hamrick JL. 1984. Ecological determinants of
genetic structure in plant populations. Annuals of
Review of Ecological Systematics 15:65-95.
Lu S-Y, Peng C-I, Cheng Y-P, Hong K-H, Chiang T-Y. 2001.
199
Chloroplast DNA phylogeography of Cunninghamia
konishii (Cupressaceae), an endemic conifer of Taiwan
Genome 44:797-807.
Luikart G, Sherwin WB, Steele BM, and Allendorf FW. 1998.
Usefulness of molecular markers for detecting
population bottlenecks via monitoring genetic change.
Molecular Ecology 7:963-974.
Lynch M. 1995. Mutation accumulation and the extinction
of small populations. American Naturalist 146:489-
518.
________ . 1996. A quantitative-genetic perspective on
conservation issues. In: Avise JC, Hamrick JL,
editors. Conservation Genetics: Case Histories from
Nature, New York: Chapman and Hall. Pages 471-501.
Maddison WP, Maddison DR. 1992. MacClade: Analysis of
phylogeny and character evolution. Sunderland, MA:
Sinauer Associates.
Mantel NA. 1967. The detection of disease clustering and
generalized regression approach. Cancer Research
27:209-220.
Maxam AM, Gilbert W. 1977. A new method for sequencing
DNA. Proceedings of the National Academy of Science
(USA) 74:560-564.
200
McCauley DE. 1997. The relative contributions of seed and 
pollen movement to local genetic structure of Silene 
alba. Journal of Heredity 88:257-263.
Meselson M, Yuan R. 1968. DNA restriction enzyme from E.
coli. Nature 217:1110-1114.
Metcalf AE, Nunney L, Hyman BC. 2001. Geographic patterns
of genetic differentiation within the restricted range
of the endangered Stephens' kangaroo rat, Dipodomys
stephensi. Evolution 55(6):1233-1244.
Metzlaff M, Borner T, Hagemann R. 1981. Variations of
chloroplast DNAs in the genus Pelargonium and their
biparental inheritance. Theoret. Appl. Genetics
60:37-41.
Miller MP. 2000. Tools for population genetic analysis
(TFPGA): a Windows program for the analyses of
alloyzme and molecular population genetic data,
version 1.3. Computer software distributed by author
at website: http://bioweb.usu.edu/mpmbio/tfpga.asp.
Mueller UG, Wolfenbarger LL. 1999. AFLP genotyping and
fingerprinting. Trends in Ecology and Evolution
14:389-394.
Muellner AN, Tremetsberger K, Stuessy T, Baeza CM. 2005.
201
Pleistocene refugia and recolonization routes in the 
southern Andes: insights from Hypochaeris palustris
(Asteraceae, Lactuceae). Molecular Ecology 14:203-
212.
Mullis K, Faloona F, Scharf S, Saiki R, Horn G, Erlich H.
1986. Specific enzymatic amplification of DNA in
vitro: the polymerase chain reaction. Cold Spring
Harb. Symp. Quant. Biol. 51:263-273.
Munz PA. 1941. Interesting western plants - V. Leaflets
of Western Botany 3:49-50.
Nei M. 1973. Analysis of gene diversity in subdivided
populations. Proceedings of the National Academy of
Sciences (USA) 70:3321-3323.
_____ . 1977. F-statistics and analysis of gene diversity
in subdivided populations. Annual Human Genetics
41:225-233.
_____ . 1987. Molecular Evolutionary Genetics. New York:
Columbia University Press. 512 pages.
Nei M, Li W-H. 1979. Mathematical model for studying
genetic variation in terms of restriction
endonucleases. Proceeding of the National Academy of
Sciences (USA) 76:5269-5273.
Nei M, Kumar S. 2000. Molecular Evolution and
202
Phylogenetics. New York: Oxford University Press.
333 pages.
Neigel JE. 2002. Is FSt obsolete? Conservation Genetics
3:167-173.
Nunney L. 2000. The limits to knowledge in conservation
genetics: the predictive value of effective population
size. In: Clegg MT, Hecht MK, MacIntyre RJ, editors.
The Limits to Knowledge in Evolutionary Genetics. New
York: Plenum Press. Pages 179-194.
Palmer JD. 1985. Evolution of chloroplast and
mitochondrial DNA in plants and algae. In: MacIntyre
RJ, editor. Molecular Evolutionary Genetics
(Monographs in Evolutionary Biology). New York:
Plenum Press. Pages 131-240.
Palmer JD, Herbon LA. 1988. Plant mitochondrial DNA
evolves rapidly in structure, but slowly in sequence.
Journal of Molecular Evolution 28: 87-97.
Prigge BA, Sharifi MR, Morafka D. 2000. Lane Mountain
milk-vetch surveys (Progress Report III). Prepared
for the National Training Center, U.S. Department of
the Army, Contract No. DSCA05-99-P-0759. Dominguez
Hills Foundation, Carson, California.
Richards CM, Church S, McCauley DE. 1999. The influence
203
of population size and isolation on gene flow by-
pollen in Silene alba. Evolution 53(1):63-73.
Roll J, Mitchell RJ, Cabin RJ, Marshall DL. 1997.
Reproductive success increases with local density of
conspecifics in the desert mustard Lesquerella
fendleri. Conservation Biology 11:738-746.
Ruggiero MV, Procaccini G. 2004. The rDNA ITS region in
the Lessepsian marine angiosperm Halophila stipulacea
(Forssk.) Aschers. (Hydrocharitaceae): intragenomic
variability and putative pseudogenic sequences.
Journal of Molecular Evolution 58:115-121.
Sanderson MJ, Doyle JJ. 1992. Reconstruction of
organismal and gene phylogenies from data on multigene
families concerted evolution homoplasy and confidence.
Systematic Biology 41:4-17.
Sanger F, Nicklen S, Coulson AR. 1977. DNA sequencing
with chain-terminating inhibitors. Proceeding of the
National Academy of Sciences (USA) 74:5463-5467.
Savolainen V, Cuenoud P, Spichiger R, Martinez MDP,
Crevecoeur MC, Manen J-F. 1995. The use of herbarium
specimens in DNA phylogenetics: evaluation and
improvement. Plant Systematics and Evolution 197:87-
98.
204
Schneider S, Roessli D, Excoffier L. 2000. ARLEQUIN,
version 2.0: a Software for Population Genetics Data
Analysis. Genetics and Biometry Laboratory.
University of Geneva, Switzerland. Available at:
http://lgb.unige.ch/arlequin/.
Schuettpelz E, Hoot SB, Samuel R, Ehrendorfer F. 2002.
Multiple origins of Southern Hemisphere Anemone
(Ranunculaceae) based on plastid and nuclear sequence
data. Plant Systematics and Evolution 231:143-151.
Segarra-Moragues JG, Palop-Estaban M, Gonzalez-Candelas F,
Catalan P. 2005. On the verge of extinction:
genetics of the critically endangered Iberian plant
species, Borderea chouardii (Dioscoreaceae) and
implications for conservation.management. Molecular
Ecology 14:969-982.
Slatkin M. 1981. Estimating levels of gene flow in
natural populations. Genetics 99:323-335. .
Smithies 0. 1955. Zone electrophoresis in starch- gels:
group variations in the serum proteins of normal
individuals. Biochemistry Journal 61:629-641.
Sokal RR, Sneath PHA. 1963. Principles of Numerical
Taxonomy. San Francisco: W.H. Freeman. 359 pages.
Sourdis J, Nei M. 1988. Relative efficiencies of the
205
maximum parsimony and distance-matrix methods in
obtaining the correct phylogenetic tree. Molecular
Biology and Evolution 5:298-311.
Swofford DL. 1998. PAUP, version 4.0d64 for Macintosh.
Northampton, MA: Sinauer Associates.
Swofford DL, Begle DP. 1993. PAUP: Phylogenetic analysis
using parsimony, ver. 3.1, users manual. Champaign,
IL: Illinois Natural History Survey. 280 pages.
Swofford DL, Olsen GJ, Waddell PJ, Hillis DM. 1996.
Phylogenetic inference. In: Hillis. DM, Moritz C, Mabie 
BK, editors. Molecular Systematics, 2nd edition. 
Sunderland, MA: Sinauer Associates. Pages 407-514.
Szmidt AE, Alden T, Hallgren J-E. 1987. Paternal
inheritance of chloroplast DNA in Larix. Plant
Molecular Biology 9:59-64.
Taberlet P, Gielly L, Pautou G, Bouvet J. 1991. Universal
primers for amplification of three non-coding regions
of chloroplast DNA. Plant Molecular Biology 17:1105-
1109.
Takezaki N, Nei M. 1994. Inconsistency of the maximum
parsimony method when the rate of nucleotide
substitution is constant. Journal of Molecular
Evolution 39:210-218.
206
Terry RG, Nowak RS, Tausch RJ. 2000. Genetic variation in 
chloroplast and nuclear ribosomal DNA in Utah juniper 
(Juniperus ostersperma, Cupressaceae): evidence for
interspecific gene flow. American Journal of Botany
87(2):250-258.
Travis SE, Maschinski J, Keim P. 1996. An analysis of
genetic variation in Astragalus cremnophylax var.
cremnophylax, a critically endangered plant, using
AFLP markers. Molecular Ecology 5:735-745.
Tucker SC. 2003. Floral development in Legumes. Plant
Physiology 131:911-926.
U.S. Department of Energy. 2004. Human Genome Project
Information.
http://www.ornl.gov/sci/techresources/Human Genome/pro
ject/info.shtml. Accessed April 15, 2005.
U.S. Fish and Wildlife Service. 1993. Sentry Milk vetch
(Astragalus cremnophylax Barneby var. cremnophylax
Draft Recovery Plan. USDI Fish and Wildlife Service,
Albuquerque, New Mexico. 35 pages.
U.S. Fish and Wildlife Service. 2001. Draft recovery plan
for the Lane Mountain milk vetch (Astragalus
jaegerianus). U.S. Fish and Wildlife Service,
Portland, Oregon. Xx+pages.
207
Vekemans X, Beauwens T, Lemaire M, Roldan-Ruiz I. 2002.
Data from amplified fragment length polymorphism
(AFLP) markers show indication of size homoplasy and
of a relationship between degree of homoplasy and
fragment size. Molecular Ecology 11:139-151.
Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, Hornes
M, Frijters A, Pot J, Peleman J, Kuiper M, Zabeau M. 
1995. AFLP®: a new technique for DNA fingerprinting.
Nucleic Acids Research 23:4405-4414.
Wagner DB, Furnier GR, Saghai-Maroof MA, Williams SM,
Dancik BP, Allard RW. 1987. Chloroplast DNA
polymorphisms in lodgepole and jack pines and their
hybrids. Proceedings of the National Academy of
Sciences (USA) 84:2097-21.00.
Wang X-R, Szmidt AE. 2001. Molecular markers in
population genetics of forest trees. Scandinavian
Journal of Forestry Research 16:199-220.
Ward BL, Anderson RS, Bendich AJ. 1981. The mitochondrial
genome is large and variable in a family of plants
(Cucurbitaceae). Cell 25:793-803.
Weir BS. 1996. Genetic Data Analysis II. Sunderland,
Massachusetts: Sinauer Associates. 445 pages.
Weir BS, Cockerham CC. 1984. Estimating F-statistics for
208
the analysis of population structure. Evolution
38:1358-1370.
White TJ, Bruins T, Lee S, Taylor J. 1990. Amplification
and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. In: Innis MA, Gelfand DH, Sninsky
JJ, White TJ, editors. PCR Protocols: A Guide to
Methods and Applications. San Diego: Academic Press
Inc. Pages 315-322.
Wiley EO. 1981. Phylogenetics: The Theory and Practice of
Phylogenetic Systematics. New York: Wiley. 456
pages.
Winfield MO, Arnold GM, Cooper R, LeRay M, White J, Karp A,
Edwards KJ. 1998. A study of genetic diversity in
Populus nigra subsp. betulifolia in the Upper Severn
area of the UK using AFLP markers. Molecular Ecology
7:3-10.
Wojciechowski MF, Sanderson MJ, Hu J-M. 1999. Evidence on
the monophyly of Astragalus (Fabaceae) and its major
subgroups based on nuclear ribosomal DNA ITS and
chloroplast DNA trnL intron data. Systematic Botany
24 (3):409-437.
Wolfe KH. 1991. Protein-coding genes in chloroplast DNA:
209
compilation of nucleotide sequences, data base entries
and rates of molecular evolution. In: Vasil K,
editor. Cell Culture and Somatic Cell Genetics of
Plants, Vol. 7BI. San Diego: Academic Press. Pages
467-482.
Wright S. 1931. Evolution in Mendelian populations.
Genetics 16:97-159.
________ . 1951. The general structure of populations
Ann. Eugen. 1:323-334.
____. 1965. The interpretation of population
structure by .E-statistics with special regards
to systems of mating. Evolution 19:395-420.
1969. Evolution and the Genetics of
Populations, Vol. 2 The Theory of Gene Frequencies.
Chicago: The University of Chicago Press. 511 pages.
___ . 1978. Evolution and the Genetics of Populations,
Vol. 4 Variability within and among Natural
Populations. Chicago: University of Chicago Press.
580 pages.
Yeh FC, Boyle T. 1999. POPGENE, version 1.31. Microsoft
Window-based freeware for population genetic analysis,
University of Alberta, Edmonton. Available at:
http://www.ualberta,ca/~fyeh/index.htm.
210
Zabeau M, Vos P. 1993. European Patent Application,
publication number EP 0534845.
Zharkikh A, Li W-H. 1993. Inconsistency of
parsimony method: The case of five taxa
molecular clock. Systematic Biology 42
the maximum
with a
113-125.
211
